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Voorwoord
Na bijna 9 jaar binnen de onderzoeksgroep Moleculaire Genetica werkzaam te zijn
geweest is het gelukt. De laatste woorden nog intoetsen en een eigen stukje onderzoek is
afgerond. Veel begeleiding, ondersteuning, samenwerking, inzet, een dosis geluk en heel veel
plezier zijn hierbij van belang geweest. Het begon begin 1989, toen ik met een beetje geluk een
aanstelling als analist binnen de lactococcen groep wist te bemachtigen. Ik ging werken met de
bacterie Lactococcus lactis onder begeleiding van Jan Kok, met als doel de smaak van kaas te
verbeteren. Een leuke baan met veel zelfstandigheid, binnen een goede en gezellige
onderzoeksgroep. Na twee jaar meegedraaid te hebben wilde ik zelf de volledige
verantwoordelijkheid dragen voor een stukje onderzoek; ik wilde Assistent In Opleiding
worden. Aangezien ik geen universitaire studie had voltooid en dit financieel niet meer
haalbaar was, ben ik op zoek gegaan naar een andere mogelijkheid. Samen met Jan Kodde,
destijds ook analist binnen de lactococcen groep, heb ik de stoute schoenen aangetrokken en
Prof. G. Venema gevraagd om een aanstelling als AIO. Jan Kodde vond vrij snel daarna een
andere baan en ik bleef geduldig wachten op antwoord. Ik moet destijds Alfred Haandrikman
en Jan Kok de oren van het hoofd hebben gevraagd omtrent het antwoord van Prof. G.
Venema. Tenslotte kwam hij persoonlijk, ergens op een namiddag voor de kerst van 1991,
even bij mij langs om te vertellen dat ik per 16 februari zou kunnen beginnen. Ik werd AIO en
mocht voor Unilever de autolyse van lactococcen gaan onderzoeken.
Gerard, heel erg bedankt dat je dit experiment met mij aandurfde. Jouw vertrouwen en
kritische beoordeling hebben bijgedragen tot dit geslaagde resultaat.
Jan, jou wil ik naast het vertrouwen graag bedanken voor het feit dat jij altijd tijd hebt
vrijgemaakt voor overleg. Al ligt je bureau nog zo vol, de aandacht voor de medewerkers staat
altijd op de eerste plaats. Altijd enthousiast reageren op nieuwe ontdekkingen en meedenken
over een verdere aanpak. Tevens weet jij bij een werkbespreking, discussie, of het nabespreken
van een manuscript vaak direct de kern te raken waardoor het eindresultaat zo goed mogelijk
wordt. Ook wil ik jou en Gerard bedanken voor het geven van ruimte om andere gebieden,
naast de autolyse van lactococcen, te mogen onderzoeken.
Alfred, jouw ondersteuning gedurende de beginfase van het project is belangrijk geweest
voor het slagen van dit onderzoek. Het idee van jou om mijn ‘bijna’ complete genoom bank
van Lactococcus zo categorisch te bewaren heeft ervoor gezorgd dat niet alleen ik maar velen
binnen de lactococcen groep vrij eenvoudig genen hebben kunnen kloneren. Verder zal ik mijn
eerste buitenlandse congres, de risk-avonden en de taartcompetitie nooit vergeten. Kees, jou
hulp en samenwerking ervaar ik tot op de dag van vandaag als erg plezierig.
Arjen, Harma en Jan Willem onze samenwerking is gedurende de gehele
onderzoeksperiode erg leuk en goed geweest. Het slagen van ons project ‘het maken van
verschillende induceerbare lysis-systemen’ is niet alleen het resultaat van onze
wetenschappelijke samenwerking. Ook de sfeer, het uitwisselen van meningen over wereldse
gebeurtenissen en ondersteuning in ons leeskamertje heeft hier een belangrijke rol in gespeeld.
Mede hierdoor ontstonden met elk van jullie diverse samenwerkingen in verschillende
activiteiten zoals een jaartje PV, het maken van primers, het gezamenlijk doorbrengen van
vakanties tot het organiseren van een geslaagd AIO/OIO-symposium. Met de overige
organisatoren Jack, Rob en Sytse is hieruit een mooie traditie ontstaan van een wekelijks
etentje gevolgd door een sneak-preview. Jullie bedankt voor de gezellige avonden waardoor
wetenschap een breder perspectief krijgt.
Blandine, Igor, Anne, Michiel en Harma jullie hebben gezorgd voor een sociale sfeer op
labzaal 42. Het gebruik maken van elkaars oplossingen, materialen, kennis en het gezamenlijk
schoonmaken is zeer prettig (geweest). Anne, bedankt voor het oplossen en uitleggen van
computer problemen, het aandragen van nieuwe technieken en het bijna dagelijks verzorgen
van koffie met koekjes. Igor, de rust die jij altijd uitstraalt heb je op mij over weten te dragen
en die hoop ik nooit meer te verliezen. Mags en Michiel, sorry dat de publieke computer op
onze leeskamer zo lang mijn persoonlijke computer is geweest.
I like to thank the students Magda, Jochem, Tomasz, Hella, Ruud, and Harmen for
working with me. For me it was a pleasure to work with all of you and to try to stimulate you
in doing research.
I also want to thank the other (ex-) members of the lactococcal group: Jos v/d V.,
Maarten, Jan, Marco, Balthasar, May Bente, Soile, Jos S., Koen, Michael, Gabi, Marion,
Albert, Krystyna, Jean, Bertus, Letta, Eric, Hans, Douwe, Marisa, Christian, Roelke, Patricia,
Anne, Mario, and Manollo for your pleasant cooperation and help before and during my
doctoral research.
Alhoewel de totale integratie tussen de lactococcen en de bacillen nog steeds niet is
gelukt is elke uitwisseling van informatie, vaak tijdens sport, labuitjes en borrels, van belang
geweest voor het oplossen van problemen, het aandragen van ideeën en het goed laten
functioneren van het lab. Daarom wil ik ook iedereen van de andere kant van de branddeur
bedanken.
Naast dit alles is de ondersteuning van Arie, Mozes en Peter vanuit de keuken essentieel
geweest. Dit geldt niet alleen voor het bestellen van produkten, het schone glaswerk, de media
en chemicaliën maar zeker ook voor de koffie die elke morgen klaar staat. Henk bedankt voor
de foto’s en dia’s die jij altijd toch maar weer op tijd klaar had als ik weer eens op het laatste
moment aankwam zetten. Tevens wil ik Irene Diomande, Cees Vermeulen en Peter Wiersema
bedanken voor hun bijdrage.
Ook de ondersteuning en begeleiding vanuit Unilever is altijd prettig geweest. Aat
Ledeboer, Wouter Musters en overigen bedankt daarvoor.
Naast de mensen van mijn werk wil ik ook mijn familie en alle vrienden bedanken voor
de momenten van ontspanning en afleiding waar jullie voor hebben gezorgd. Tenslotte kun je
niet je levensenergie alleen maar uit je werk halen.
Pa en Ma, alhoewel ik van huis uit geen wetenschappelijke bagage meegekregen heb zijn
jullie het geweest die mij geleerd hebben om geduldig te zijn, samen te werken, te delen maar
bovenal niet snel op te geven (iets dat zeer belangrijk is in dit vak). Bedankt !
Lieve Zwaan, jouw hulp en aandacht zijn van het aller grootste belang geweest. Jij was
het die altijd een luisterend oor had als ik weer eens vertrouwen nodig had en mij hielp op
drukke momenten. Die voorlaatste avond voor het vertrek naar het mooie Nieuw-Zeeland zal
ik nooit vergeten hoe jij mij hielp om tot diep in de nacht, in dat kamertje in Haren, mijn
posters in elkaar te plakken. Bedankt voor de tolerantie die jij vaak toonde als ik weer tot ‘s
avonds laat of in het weekend aan het werk was. Als ik zeg dat dit niet weer zal gebeuren weet
je dat ik lieg. Een mens kan tenslotte meerdere liefdes hebben. Jij hebt ervoor gezorgd dat mijn
werk mijn hobby is geworden.
Girbe
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Lactococci are Gram-positive, non-sporulating, facultative anaerobic organisms which
produce L(+)-lactic acid from lactose. The genus lactococcus comprises the species L.
garviae, L. raffinolactis, L. plantarum, L. piscium and L. lactis (148). L. lactis subsp.
cremoris has only been isolated from milk or (fermented) milk products while L. la is subsp.
lactis is also present in plant material. Both subspecies are used for the fermentation of milk
into butter, buttermilk and a wide variety of cheeses. The characteristic multiple amino acid
auxotrophy in L. lactis is strain dependent (18). In order to be able to grow in milk, L. lactis
possesses a proteolytic system which supplies the cell with amino acids (aa) and small
peptides, which are ultimately derived from milk casein.
2. Proteolysis by Lactococcus
The initial degradation of milk proteins (caseins) is performed by a cell wall-anchored
subtilisin-like serine proteinase, PrtP, which liberates oligopeptides of mainly 4 to up to 30 aa.
It does not produce di- and tripeptides from caseins (80). PrtP enzymes from different strains
of L. lactis vary in the specificity of casein breakdown. To date, the proteinases have been
classified into 7 specificity groups (39). The oligopeptides formed by PrtP are transported into
the cell by the oligopeptide transport system (154) after which they are degraded to aa by a
cascade of hydrolysis steps performed by specific peptidases, in order to provide the cell with
the essential aa. Eleven peptidase genes have been isolated and analyzed from lactococci (80).
This allowed the specific deletion or overexpression of peptidases and the assessment of the
role of the enzymes in starter cell growth and cheese production. Apart from their role in cell
physiology, the aa and peptides formed by the proteolytic activities of L. l tis also serve as
precursors for cheese flavor (90, 114). Thus, PrtP was shown to be important in flavor
development by manufacturing cheeses with starter cultures lacking this activity. Such cheeses
had little or no flavor (38, 89, 144).
When cheese was made with a starter culture containing 90% of a strain lacking the
aminopeptidase PepN, the product was found to be bitter (5). A decrease in organoleptic
quality was observed when part of the starter culture was replaced by a strain that did not
express the X-prolyl-dipeptidyl aminopeptidase (PepX) (5). Overexpression of p pN had no
clear effect on cheese quality (19, 100). Recently, Mierau et al. (102) reported the
construction of a series of multiple foodgrade peptidase mutants. Analysis of cheeses made
with these strains will likely provide a better understanding of the involvement of each of the
peptidases in cheese ripening and flavor development.
It is generally assumed that one of the key steps during proteolysis in cheese and, thus,
one of the most important factors in cheese ripening is the release of intracellular proteolytic
enzymes into the cheese matrix as a result of lysis of the starter culture.
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3. Involvement of starter cell lysis in flavor development
In the mid-seventies it has been shown that intracellular proteolytic enzymes are released
into the cheese matrix due to lysis of lactococcal cells (8, 9, 88). Recently, the degree of lysis
has been positively correlated to flavor development in cheese. Autolysis of L. lactis subsp.
cremoris AM2 and L. lactis subsp lactis NCDO763 was analyzed during ripening of Saint-
Paulin-type cheeses by Chapot-Chartier et al. (17). A rapid decrease of cell viability and
increased release of intracellular PepX and general aminopeptidase activity was observed with
strain AM2, while release of these activities was not detectable with NCDO763. Cell viability
of the latter strain was also found to be higher in the cheese. The amount of amino nitrogen
was higher in the cheese made with strain AM2. The NCDO763 cheese was found to be more
bitter than AM2 cheese. Differences in autolysis of different L. lactis strains during cheese
ripening were also observed by Wilkinson et al. (159). During ripening, the viability was
lowest for strain AM2 (a non-bitter producing strain) and higher for HP (a bitter strain).
Release of intracellular enzymes from AM2 cells was much higher than from HP throughout
cheese ripening, which was accompanied by higher levels of free aa in the AM2-produced
cheese and very good flavor development. After growth in rich broth medium, both strains
contained nearly similar amounts of marker enzymes. Low level of release of enzymes from
cells of HP was attributed to the low level of autolysis of this strain. These and other results
show that, in general, non-bitter cheeses are associated with increased starter autolysis and
with increased concentrations of aa. There appears to be general agreement that the intensity
of cheese flavor correlates with the concentration of free aa (4). It is likely that not only the
level of lysis effects flavor development but also the amount and specificity’s of intracellular
proteolytic enzymes, as these differ quite considerably among lactococcal strains (21, 28, 49).
Fox et al. (49) recently reviewed the approaches taken to obtain accelerated cheese
ripening. One approach was based on increasing lysis of starter cells by either selection for
naturally occurring fast-lysing strains, on employing thermoinducible- (42) or bacteriocin-
induced lysis, or by using bacteriophages to effect lysis.
A lactococcal strain producing the bacteriocins lactococcin A, B, and M was shown to
exhibit a bacteriolytic effect on sensitive lactococci (105). This strain was added as an adjunct
to L. lactis subsp. cremoris HP, a strain which exhibits a low level of autolysis and produces
bitter cheeses (49, 159). Increased release of the intracellular enzymes lactate dehydrogenase
and PepX was observed in Cheddar cheeses containing the bacteriocin producing adjunct as
compared to cheeses in which the adjunct strain did not express the three bacteriocins. The
level of free aa was increased and the experimental cheeses received higher grades for both
flavor/aroma and body/texture when they contained the bacteriocin producer. These results
indicated that lactococcin production by the adjunct promoted lysis of cells of strain HP.
Feirtag and McKay were the first to use lysogenic strains in starter cultures, to enhance
lysis of starter cells during cheese ripening (41). They showed that a prophage present in L.
lactis SK11 was induced at 38-40°C, the cooking temperature used in Cheddar cheese
manufacturing. Induction of the phage resulted in lysis of the culture. This phenomenon was
also observed in other lactococcal strains. Recently, elevated starter culture lysis was shown to
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be associated with increased levels of cytoplasmic enzymes in the cheese matrix (29).
Increased rates of the formation of aa and a decreased removal of lactose were also observed.
High levels of starter cell lysis resulted in less bitter cheeses. Crow and coworkers (29)
suggested that a balance between lysed and intact cells is important for proper cheese ripening.
The intact cells are necessary for physiological reactions such as lactose fermentation and
oxygen removal and, possibly, for a number of reactions leading to flavor formation. The main
consequence of starter cell lysis in cheese is the acceleration of proteolytic reactions taking
place in the cheese matrix.
Meijer et al. (101) recently used L. lactis SK110, which contains a thermoinducible
prophage, to provoke enhanced lysis. Release of three intracellular enzymes into a rich culture
medium was three- to sevenfold higher when the cells underwent a 40°C thermoschock of 2.5
h. Gouda cheeses made with a mixed starter containing SK110 and L. lactis subsp. lactis
biovar. diacetylactis C17 contained a 1.4-fold higher level of all free aa after six weeks of
ripening when a thermoshock was employed during cheese making. A transconjugant of
SK110 containing a transposon-encoded phage resistance system was shown not to lyze after
temperature induction. Cell walls of this strain were less sensitive to the action of mutanolysin,
which was probably due to a change in their muropeptide composition. Four month-old
cheeses made with a mixture of C17 and SK110 scored better in flavor and bitter tests than the
starter containing the transconjugant. The number of viable cells after 40 days was 104 times
higher for the transconjugant. As prophages are widespread in lactococci, it was speculated
that part of the lysis generally observed during cheese making might be the result of prophage
induction (101).
As phage infection can result in disruption of dairy fermentation processes, it is a
difficult tool to handle properly for the purpose of enhanced lysis. The controlled expression
of a gene encoding a cell wall lytic enzyme may ultimately be more practical to obtain the
desired level of lysis. In order to better understand the process of cell lysis, a more
fundamental insight in the expression, regulation and functioning of the enzymes provoking
this phenomenon is of utmost importance. Also, the composition of the substrate of these
enzymes needs to be investigated. Both of these factors involved in autolysis will be reviewed
below.
4. Cell wall composition
The cell envelope of Gram-positive bacteria consist of a cytoplasmic membrane and a
cell wall. Structured protein layers (S-layer), polysaccharide capsules or slimes may be present
on the wall of cells of different species. The cell wall protects the underlying protoplast, resists
turgor and maintains the shape of the cell. It is also very important for interactions of the
bacterial cell with its environment. The cell wall may block or slow down the movement of
materials between the cytoplasmic membrane and the environment and provides a matrix in
which various enzymes can operate (2).
In general, the cell wall of Gram-positive bacteria is composed of peptidoglycan,
accessory polysaccharides, lipoteichoic acid (LTA), and proteins (2). The glycan moiety of the
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peptidoglycan is made up of alternating b-1,4-linked N-acetylglucosamine and N-acetyl
muramic acid residues. These glycan strands are crosslinked through linear tetrapeptides and
an interpeptide bridge consisting of one or more aa. The peptide moiety is bound through its
N-terminus to the carboxyl group of muramic acid and contains alternating L and D amino
acids, which is a typical feature of the peptidoglycan. In Gram-positive bacteria the
tetrapeptide usually consists of L-Ala-D-Glu-X-D-Ala, of which the third aa (X) is a species-
specific diamino acid (62). The resulting strong, elastic structure acts as an exoskeleton of the
cell.
Data on the composition of the cell wall of L. l ctis have recently been summarized by
Gopal and Reilly (61). The third aa in the tetrapeptide in lactococci is L-Lys (61), while the
interpeptide bridge was found to be D-Asp (61, 134), although Thr or Glu have also been
reported (68, 134). A fragment of the primary structure of peptidoglycan of Lact coc us i
shown in Figure 1. Other components of the lactococcal cell wall are LTA, polysaccharides,
and proteins. The LTA is a linear polymer of 16-40 phosphodiester-linked glycerophosphate
residues covalently linked to a lipid moiety in the membrane (45, 142). D-Ala or galactose is
bound at the C-2 position of the glycerol unit (142). Polysaccharides of lactococci are
composed of rhamnose, glucose, galactose and glucosamine (61, 134, 141). Proteins which
have been detected in the cell wall are the proteinase PrtP and the autolysin AcmA. In a recent
study on the relation between the cell surface and bacteriophage resistance, 30 lactococcal
strains were analyzed for cell wall composition (27). The amount of extracellular LTA, the
molecular weight profile and amount of proteins, and the amount of hexose and rhamnose
extractable as loosely associated cell surface material varied considerably among the strains.
In order to grow, that is, to stretch and to separate daughter cells, bacteria possess
enzymes that can hydrolyze the peptidoglycan layer (152).
5. Peptidoglycan hydrolases of Gram-positive bacteria
Bacteria produce several types of enzymes that can hydrolyze bonds in the
peptidoglycan of the cell wall (123, 140, 158); see Figure 1). Two types of enzymes known as
glycosidases, hydrolyze the b(1,-4) bonds between the alternating N-acetylmuramic acid and
N-acetylglucosamine residues of the glycan chains. A lysozyme-like enzyme, b N-
acetylmuramidase (muramidase), hydrolyses the N-ac tylmuramyl,1,4-b-N acetylglucosamine
bonds while the other, a b-N- cetylglucosaminidase (glucosaminidase), liberates free-reducing
groups of N-acetylglucosamine. The other peptidoglycan hydrolases are N-acetylmuramoyl-L-
alanine amidase (amidase), which hydrolyze the bond between the glycan chain and the peptide
side chain, and peptidases of varying specificity’s that cleave peptide-bonds in either the
peptide side chain or in the cross-bridge peptides.
Peptidoglycan hydrolases are referred to as autolysins when their action results in




FIG. 1. Schematic presentation of the structure and composition of the peptidoglycan of Lac oc ccus
lactis. The arrows indicate the sites of action of the different peptidoglycan hydrolases present in
bacteria.
Peptidoglycan hydrolases such as carboxypeptidases, that remove terminal D-Ala residues, or
enzymes that can hydrolyze bonds in peptidoglycan subunits but are not capable of
hydrolyzing bonds in intact, insoluble peptidoglycan do not act as autolysins.
The potentially suicidal autolytic enzymes are likely to be very well regulated.
Regulation of peptidoglycan hydrolase activity occurs both at the transcriptional and
translational level, although it mostly operates at the posttranslational level. Regulatory
mechanisms described so far include: enzyme activation by changes in substrate structure,
topological restriction of enzyme distribution in the cell wall, and proteolytic activation or
inactivation (140, 158). Furthermore, it has recently been shown that the proton motive force
is involved in the regulation of autolytic enzymes (75).
It is thought that autolysis of cells is the result of the uncontrolled action of
peptidoglycan hydrolases when cell wall assembly and/or repair are inhibited (140). Recent
results have pointed at the involvement of peptidoglycan hydrolases in a variety of processes.
These concern (123, 140, 152, 158):
· peptidoglycan turnover and recycling,
· cell division and separation,
· transformation of competent cells,
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· the liberation of mature spores from the mother cell (sporulation), and the hydrolysis of the




· enlargement of the peptidoglycan sacculus by acting as spacemaking enzymes.
During the last decade a substantial body of information has become available on the
action, function, regulation and the molecular structure of the enzymes that hydrolyze the
peptidoglycan layer, predominantly owing to the use of genetic tools which made it possible to
analyze the function of these enzymes in vivo by constructing deletion or insertion mutants.
The following sections give an overview of the genetics of (putative) autolysins of Gram-
positive bacteria.
5.1. Streptococcus
The human pathogen S. pneumoniae contains a glucosaminidase and an amidase activity.
Both enzymes require choline in the teichoic acid of the cell wall substrate for binding and
catalytic activity and both are inhibited by LTA (10, 55, 60, 132). Choline phosphate is a
structural component of pneumococcal teichoic acids and it has been suggested that choline
residues are ligands essential for catalytic activity (60, 151). The 64-kDa glucosaminidase is
bound to the cell wall and is responsible for autolysis during stationary phase (55, 132). The
gene for the amidase, lytA, has been cloned in E. coli and sequenced and was found to be
monocistronic (35, 54). In E coli, LytA is expressed in an inactive form which can be
converted to the active enzyme by pre-incubation with choline or choline-containing
pneumococcal cell walls. Deletion derivatives of LytA lacking 11, 40 or 42 C-terminal aa
residues are active in E. coli without the need for the choline activation step, indicating that
the C-terminal 11 aa are important for catalytic activation of the protein (131). Reintroduction
of the C-terminal 11 aa at the C-terminus of the derivative lacking 42 aa partly restored the
need for the activation step. The 36.5-kDa protein does not have a signal sequence and
contains six similar repeated sequences each of 20 aa residues, located between the N-terminal
active site domain and the C-terminal 15 aa (Fig. 2A)(51). Insertional inactivation of lytA led
to resistance against autolysis in stationary phase when cells were grown at 37°C (153). No
change in competence for genetic transformation, or degree of virulence in mice was observed.
Rhonda et al. (126) showed that LytA is involved in cell separation and that cells carrying a
plasmid-borne lytA gene lyze much faster after exponential growth had ceased due to the
presence of a higher amount of amidase activity. LytA was mainly located in the septal region
of pneumococcal cells when they were grown in the presence of choline (34). It was suggested
that a choline recognition site in the pneumococcal autolysin is required for the adsorption of
this enzyme to the cell wall. Possibly, the specificity of absorption serves as a type of




The soil bacterium B. subtilis contains several different peptidoglycan hydrolases each
involved in a specific process. At least four distinct cell wall hydrolases are produced during
vegetative growth and, in addition, two during sporulation (47).
The major autolysin gene lytC (=cwlB) is part of the operon lytABC and encodes a
polypeptide of 496 aa (52,6 kDa) which has amidase activity (82, 91, 96). The divergently
transcribed lytR encodes an attenuator of the expression of the lytABC op ron and lytR.
Transcription of lytABC proceeds from distal A and proximal sD-type promoters. The
transcript initiated from the latter promoter is predominant in the exponential growth phase
(86, 91). The sD form of RNA polymerase is responsible for transcription of the flagellar
(motility) and chemotaxis genes (98). Only the sD promoter of lytABC is subject to LytR
attenuation. LytC is expressed during vegetative growth and assists in mother cell lysis in the
late stage of sporulation (143). LytA (9.4 kDa) is a lipoprotein with unknown function while
LytB (=CwbA, 74.1 kDa) is a cell wall-associated modifier protein (91). LytB binds in a 1:1
molar ratio to LytC and stimulates its activity threefold (65, 82, 85). A mechanism was
proposed by which LytB changes the pattern of cleavage of LytC from a random process to a
sequential one (64). LytB also stimulates the cell wall lytic activity of other Bacillus amidases
(85). The 50-kDa amidase contains three repeated sequences of about 100 aa in its N-terminus
which are also present in the N-terminus of LytB (Fig. 2B), while the C-terminus is highly
similar to the Bacillus CwlC and CwlM amidases (see below). A deletion derivative of LytC
lacking the C-terminal 127 aa residues retained cell wall binding activity, but had lost cell wall
lytic activity, indicating that the active site domain is located in the C-terminus (84). Tight
binding of the amidase to B. subtilis cell walls and functional interaction with the modifier
protein LytB only occurred when the walls contained teichoic acids (64, 65). It was suggested
that teichoic acid acts as a specific ‘allosteric’ ligand for the enzyme. Insertional inactivation of
the amidase led to a reduced rate of autolysis, altered kinetics of cell wall turn-over, and
reduced swarming on motility plates (84, 96, 97, 120).
The gene for the glucosaminidase LytD (=CwlG) is monocistronic, is preceded by a D-
dependent promoter and is, thus, transcribed during the early to late-exponential growth phase
(97, 120). A sD null mutant showed a substantial decrease in amidase and glucosaminidase
activity and grew in filaments (98). LytD was shown to be cell wall-bound and to be active as
a dimer (124). Two types of repeated sequences of 52 and 35 aa are present in the N-terminus
and in the central domain, respectively, of the enzyme (Fig. 2C, a and b). Part of the 90-kDa
protein is processed to a protein of 35 to 39 kDa which retains lytic activity but is devoid of
cell wall binding capacity. Processing occurs between the centrally located repeats and the C-
terminal active site domain. The latter domain is homologous to the glucosaminidase domain
of Atl of S. aureus (see below). The physiological necessity for this processing is unknown.
Inactivation of the glucosaminidase only led to a modest reduction in swarming, while no
other phenotypical changes were observed in processes in which autolysins are normally
involved. A double mutant in which both the amidase (LytC) and glucosaminidase (LytD)
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were absent exhibited greatly impaired motility whereas the single mutant strains were motile,
indicating that both autolysins are necessary for motility (119, 120).
The gene cwlC is monocistronic and encodes a sporulation-specific amidase (81).
Expression ofcwlC is controlled by sK, the mother cell-specific late sporulation sigma factor,
and occurs 6 to 7 h after the onset of sporulation. CwlC is not significantly expressed during
vegetative growth (47, 81, 143). The protein shows overall homology with the amidase CwlM
of B. licheniformis, while its N-terminus is homologous to the C-terminal half of LytC. The C-
terminal end of CwlC contains 2 repeated sequences (Fig. 2D). CwlC is not N-terminally
processed except for removal of the initiating methionine residue. In a sporulating cell, CwlC
is mainly located in the cytoplasm and in the membrane (81, 143). It hydrolyzes vegetative cell
walls and spore peptidoglycan. Although the major autolysin LytC contains an active site
domain highly similar to that of CwlC, the former can not hydolyze the spore cortex (47).
Insertional cwlC inactivation did not affect mother cell lysis, spore germination, or other spore
characteristics (81, 143). In a double mutant lacking CwlC and LytC, mother cell lysis was
abolished (143). Because a lytCmutant did lyze, mother cell lysis by hydrolysis of the mother
cell peptidoglycan can be independently executed by these two autolysins while neither CwlC
nor LytC is necessary for the formation of viable spores. As expression of LytC ceases early in
sporulation, mother cell lysis by LytC is caused by enzyme remaining from presporulation
expression.
cwlD is the last gene of an operon of two genes (135). RNA studies suggested that
during sporulation, cwlD is transcribed from a sE promoter located between the two genes
and, thereafter, that the genes are transcribed together in the spore compartment from a sG
promoter. Based on its homology with LytC, CwlC and CwlM of B. licheni ormis, the protein
is probably an amidase. It does not contain repeated aa sequences. CwlD contains a putative
cleavage site for a germination-specific protease, suggesting that it is inactivated during
germination. A cwlD insertion mutant was not affected in growth, cell separation, motility, and
sporulation, but germination of spores was completely blocked. No degradation of the spore
cortex peptidoglycan was observed. The protein was suggested to be functional during the
sporulation stage and/or in spores and to contribute to the formation of mature spores, which
are able to germinate.
B. subtilis also contains a gene encoding a spore-cortex lytic enzyme, SleB (106). The
gene and its product are very similar to those of B. cer us, although the enzyme of B. subtilis
was not found in the germination exudate of spores. An sleB in ertion mutant behaved
normally in growth and sporulation although it was unable to complete germination.
Next to the above mentioned genes, cwlA was cloned and sequenced by two
independent groups (46, 83). cwlA is located in an operon and encodes a protein of 272 aa of
which the C-terminal 57 aa could be replaced by 22 aa specified by the cloning vector without
loss of activity. CwlA binds to vegetative cell walls of various species and to B. m gaterium
KM spore cortex. The N-terminus shows homology to a cell wall hydrolase with unknown
function of Bacillus sp. The extreme C-terminus of CwlA was found to be homologous to the
B. subtilis prophage PBSX-encoded cell wall hydrolase XlyA (92). An aa sequence is present
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in this homologous region which is also found in other cell wall hydrolases (Fig. 2E).
Interestingly, the central domain of XlyA contains another aa sequence which is similar to that
of the repeats found in the lactococcal cell wall hydrolase AcmA (Fig. 2F, Tabel 1). The genes
upstream of xlyA were also present upstream of cwlA, suggesting that either cwlA is prophage-
derived or that the phage has obtained this part from the genome of B. subtilis (92). An
insertionally inactivated cwlA mutant strain was able to grow and divide as the wild-type (83).
Recently, Rashid and coworkers have identified two new exponential-phase minor cell
wall hydrolases in B. subtilis, CwlE (50 kDa) and CwlF (35 kDa), by investigating a lytC
mutant (121). Expression of CwlE, like that of LytC and LytD, is dependent on the sD form of
RNA polymerase. CwlE and CwlF instantaneously disappeared when cells entered the
stationary phase of growth, most likely as a result of proteolytic breakdown.
B. licheniformis has been reported to contain at least an amidase and a glucosaminidase.
The amidase has been shown to be bound to the cell wall (44, 123). The genes of CwlM and
CwlL have been cloned and sequenced from this strain. cwlM is monocistronic and encodes an
amidase with homology to B. subtilis CwlC. A deletion derivative lacking the two C-terminal
repeats (Fig. 2D) was still active (87). cwlL is the last in an operon of at least three genes.
Also in this case a deletion of the C-terminal repeats did not result in loss of lytic activity
(113). CwlL is homologous to B. subtilis CwlA, but contains an extra C-terminal repeat (Fig.
2E).
B. cereus contains glycosidase and amidase activity (71). The glucosaminidase was
inactive towards peptidoglycan unless the peptide portion of the polymer was removed by the
action of the amidase. The enzyme also requires the carboxyl group of the muramic acid
residues and cleaves the glycan strand in a random way (72). Recently, the gene for a
germination-specific spore cortex-lytic enzyme of B. cereus was cloned and sequenced (107).
sleB is located in an operon and encodes an amidase homologous to SleB of B. subtilis. Both
proteins contain an N-terminal sequence which is homologous to the C-terminal repeats in
CwlL of B. licheniformis and CwlA of B. subtilis (Fig. 2E). SleB is present in dormant spores
in its active form and is not synthesized d  novo during germination, suggesting that activity is
blocked until germination is triggered. The enzyme is inactivated by sulfhydryl reagents.
Mutation of the unique C-terminal cysteine, also present in SleB of B. subtilis, suggests that
this residue is important for activity (94).
5.3. Listeria
L. monocytogenes is a facultative intracellular bacterium which can cause severe food-
borne infections in humans and animals (40). Virulent strains are able to invade, survive and
multiply within host macrophages. The 60-kDa major extracellular protein (p60) from L.
monocytogenes is associated with adherence to and invasion of phagocytic mouse fibroblasts
(50). A mutant with greatly reduced levels of p60 has a rough cell surface, forms long chains
and shows reduced virulence in a mouse model. Chains disaggregate upon addition of partially
purified p60, and the resulting single bacteria are invasive (78). Wuenscher et al. have shown
that p60 contains cell wall hydrolytic activity (162). The gene of p60, iap, has been sequenced
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from all listerial species (13, 14). The N- and C-terminal domains are conserved in all p60
proteins. The central domains of the proteins consist of three regions: a variable region of
about 200 aa followed by a stretch of 54 aa which is not present in p60 of L monocytogenes
and L. innocua, and a region of 33 to 50 aa consisting of repetitions of Thr and Asn residues
in the case of L. monocytogenes and L. innocua (14). Repeats of the type present in the
lactococcal autolysin AcmA (Fig. 2F and Table 1) are present once in the conserved N-
terminal region, once in the 200 aa variable region and once in the 54-aa region (14, 15, 162).
p60 was shown to be essential for a late step in cell separation. A cysteine residue in the
conserved C-terminus is important for both cell wall hydrolysis and cell separation (162).
Twenty five percent of p60 was shown to be uniformly associated with the cell surface of early
stationary phase cells, while the rest was present in the culture medium (127). Expression of
iap in B. subtilis DB104, which normally forms chains in the exponential growth phase, led to
a significant reduction in the length of these chains (162).
5.4. Enterococcus
E. hirae ATCC 9790 possesses two muramidases. The 130-kDa muramidase-1 (Mur1)
is transported to specific sites in the cell wall. There, nearly all of the protein is associated with
cells in a latent, proteinase-activatable form. The mature, active enzyme is 87 kDa (70, 73).
Both forms of the protein contain covalently attached monomeric- and oligomeric glucose
units (73). They also possess approximately 12 phosphodiester-linked monomeric 5-
mercaptouridine monophosphate residues (37). The active enzyme binds to nonreducing ends
of glycan chains and processively hydrolyzes linear, soluble, uncross-linked peptidoglycan
chains (6). Mur1 is involved in septum formation and cell division (32). Up to now, the Mur1
gene has not been cloned and it cannot be excluded that Mur1 results from posttranslational
modification of muramidase-2 (Mur2, see below), although substrate specificity and aa
composition suggest that Mur1 is a separate enzyme (139).
The second muramidase (Mur2) has a 125-kDa and a 75-kDa active form. Mur2 is
produced and secreted throughout growth with maximal levels attained at or near the end of
exponential growth. The protein binds to a limited number of peptidoglycan sites but binds
with high affinity (70). It rapidly dissolves the peptidoglycan fraction of E. hirae cell walls but
intact cell walls are hardly affected (74). It is involved in separation of daughter cells and may
partly take over this function of Mur1 (32). Mur2 is a protein of 666 aa residues (70.1 kDa),
as deduced from the cloned gene. It contains a glycosidase active site near the N-terminus and
six C-terminal repeated sequences of 45 aa each (Fig. 2F)(20). Monoclonal antibodies directed




Table 1. Proteins which contain (an) amino acid sequence(s) homologous to the repeats of
AcmAa).
Genus Geneb) Repeatsc) AAd) Acc.e) Characteristics
Lactococcus lactis * acmA 245-287(33) 437 17696 muramidase
321-363(31)
393-437











Lactococcus Æ Tuc2009 * lys 332-375(10) 428 L31364 glycosidase (muramidase)
386-428
Lactococcus Æ phi-LC3 * lysB 333-376(10) 429 U04309 muramidase
387-429
Bacillus Æ PBSX * xlyA 161-204 297 P39800 N-acetylmuramoyl-L-alanine amidase
Bacillus Æ PZA * orf15 163-207(6) 258 P11187 lysozyme
(=Bacillus Æ phi-29) 214-258 (P07540)
Bacillus Æ B103 * orf15 165-209(9) 263 X99260 lysozyme
219-263
Bacillus sphaericus * pep I   3- 46(6) 396 X69507 carboxypeptidase I
 53- 96
Haemophilus influenzae * amiB 294-336 432 P44493 N-acetylmuramoyl-L-alanine amidase
387-430
Listeria monocytogenes * iap  30- 72(130) 478 M80351 adherence and invasion protein P60
203-245
Listeria innocua * iap  30- 72(130) 481 Q01836 adherence and invasion protein P60
201-243
Listeria ivanovii * iap  30- 72(125) 524 Q01837 adherence and invasion protein P60
198-240(73)
314-356
Listeria seeligeri * iap  30- 72(127) 523 Q01838 adherence and invasion protein P60
198-242(75)
318-362
Listeria welshimeri * iap  30- 72(127) 524 M80348 adherence and invasion protein P60
198-240(73)
316-358
Listeria grayi * iap  30- 72(104) 511 Q01835 adherence and invasion protein P60
177-219(79)
299-342
Escherichia coli * yebA  77-121 419 P24204 homologous to endopeptidase of
Staphylococcus
Heamophilus influenzae * yebA 131-174 475 P44693 homologous to endopeptidase of
Staphylococcus
Escherichia coli nlpD 123-166 379 P33648 Lipoprotein
Heamophilus influenzae lppB 147-190 405 P44833 Lipoprotein
Heamophilus somnus lppB 120-164 279 L10653 Lipoprotein
Pseudomonas aeruginosa lppB  69-113 297 P45682 Lipoprotein
Synechocystis sp. nlpD  87-130 715 D90915 Lipoprotein
Sinorhizobium meliloti nlpD 166-209 512 U81296 Lipoprotein
Escherichia coli dniR 113-155(16) 222 P23931 involved in hexaheme nitrite
172-213 reductase expression
Staphylococcus aureus ProtA 431-474 524 P02976 protein A
Bacillus subtilis papQ  28- 70(17) 334 U38819 phophatase-associated protein,
 88-130(20) P60 homolog
151-193
Bacillus subtilis spoVID 525-568 575 P37963 stage VI sporulation protein D
Escherichia coli  50- 93 259 U28375 Hypothetical protein
Synechocystis sp   4- 47 245 D90907 Hypothetical protein
Bacillus subtilis yaaH   1- 43(5) 427 p37531 Hypothetical protein
 49- 92
------------------------------------------------------------------------------------------------------------
Bacillus subtilis # 191-236 240 L47648 Hypothetical protein
Citrobacter fruendii # eae  65-113 936 Q07591 attaching and effacing protein (INTIMIN)
Escherichia coli # eae  65-113 936 P43261 attaching and effacing protein (INTIMIN)
Bacillus subtilis # YneA  40- 90 105 Z73234 Hypothetical protein
Streptococcus pyogenes #  49-103 339 U09352 Hypothetical protein
Bacillus subtilis # yqbP 161-218 219 P45932 Orf in skin element
Bacillus subtilis # 177-234 235 G1225954 Hypothetical protein homologous to YqbP
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a) Proteins listed were obtained by a homology search in the SWISSPROT, PIR, and Genbank
   (release 23, 1996) databases with the repeats of AcmA using the BLAST program (1).
b) * ; genes encoding cell wall hydrolases.
    # ; proteins containing repeats that are longer than the consensus sequence (Fig. 2F).
c) The number of aa residues between the repeats are given between brackets.
d) Number of aa of the primary translation product.
e) Genbank accession number.
--; repeats of proteins listed above this line were used to advance the consensus sequence shown in
    Fig. 2F.
E. faecalis contains lytic enzymes with similar molecular masses and specificity’s as
Mur1 and Mur2 of E. hirae (43) and the gene encoding a Mur2 homologue has been cloned
and sequenced (7). Compared to E. hiraeMur2, the E. faecalis autolysin contains 114 extra
aa in its N-terminus and the enzyme is thought to be produced as a preproprotein. Although it
was initially proposed to contain four highly similar sequences of 68 aa in the C-terminus, it
was later shown that Mur2 of E. faecalis actually contains 5 repeats of the type present in E.
hirae Mur2 and L. lactis AcmA (Fig. 2F, Table 1 and (16)). The N-terminal active site
domains of the two Mur2 proteins are very similar, suggesting that the E. faecalis prot in is a
muramidase (69).
5.5. Staphylococcus
Studies on peptidoglycan hydrolyzing enzymes of pathogenic S. aureus are important as
some of them are believed to be involved in b-lactam-induced lysis and could, thus, be targets
for antibacterial treatment. S. aureus contains amidase, glucosaminidase and endopeptidase
activities (150).
The gene lss of the endopeptidase lysostaphin of S. simulans biovar. staphylolyticus has
been cloned and sequenced by different groups (63, 122, 149). Lysostaphin is an extracellular
glycylglycine endopeptidase that only lyses staphylococcal cells by hydrolyzing the polyglycine
interpeptide bridges of the peptidoglycan. Lysostaphins produced by different strains contain
propeptides of 7, 14 or 15 tandem repeats of 13 aa which keep Lss in a state of diminished
activity. The proprotein is secreted during growth and is activated by an extracellular cysteine
proteinase (111). The peptidoglycan hydrolase gene (lytA) of prophage f11 of S. aureus
NCTC8325 encodes a 53-kDa amidase of which the C-terminal 95 aa are homologous with
the C-terminus of Lss (Fig. 2G)(67, 156). This observation indicates that the active site of
lysostaphin is likely to be contained within the N-terminal half of the mature protein. A
lysostaphin immunity factor gene (lif) is located in the orientation opposite to that of lss (149).
Expression of Lif led to an increase of incorporation of serine residues into the interpeptide
bridges, making the peptidoglycan inaccessible to Lss. Co-expression of lss and lif raised the
serine/glycine ratio of the peptidoglycan even more, suggesting that lysostaphin acts on




By transposon mutagenesis of prophage-cured methicillin-susceptible S. a reus RN450,
an autolysis defective mutant lacking glucosaminidase activity was obtained (116). The mutant
showed reduced rates of cell wall turnover and detergent- or methicillin-induced autolysis. The
affected autolysin gene, atl, encodes a bifunctional protein with an amidase activity in the N-
terminus and a glucosaminidase activity in the C-terminus (115). The 1256-aa primary
translation product contains a putative signal sequence of 29 aa followed by a prosequence of
175 aa. Like prolysostaphin, the pro Atl is activated by a sulfhydryl proteinase (111). Atl
contains three homologous repeated sequences which are located in the central region of the
enzyme (Fig. 2H). The amidase domain is highly homologous to N-terminal amidase domains
of B. subtilis CwlA and S. pneumoniae phage-specified Ejl (115). Comparison of the deduced
aa sequence of Atl with the N-terminal aa sequences of the purified 63-kDa amidase and 54-
kDa glucosaminidase revealed that the primary translation product of Atl is proteolytically
activated after secretion by cleavage between the second and third repeat. A mutant in which a
non-replicating plasmid had been integrated between the amidase and glucosaminidase-
encoding domains of atl grew in small clumps instead of doublets (48). The strain lacked
glucosaminidase activity but grew as well as the wild-type. The cell surface of the mutant was
rougher than that of the wild-type, which is an indication for lack of release of peptidoglycan.
Atl was shown to be involved in pathogenicity by using a rat endocarditis model (95).
Immuno-electronmicroscopic examination showed that both the amidase and the
glucosaminidase are bound to fibrous material extending from the surface of protoplasts,
suggesting that they are associated with a cellular component extending from the cell
membrane, possibly lipoteichoic acid (163). The proteins were shown to form a ring structure
on the cell surface at the septal region for the next cell division site and did not bind to the
newly exposed surface of daughter cells. It was suggested that Atl is translocated at the cell
division site, to which it subsequently binds with an anchoring component, or is secreted and
reabsorbed to an anchoring component via a ligand-receptor interaction (163). Together, the
amidase and the glucosaminidase activities of the atl gene product act at the last step in cell
separation. Clusters of cells formed by several S. aureus mutants were dispersed by incubation
with purified glucosaminidase and/or amidase (145). The amidase was shown to be more
potent than the glucosaminidase in this respect. Incubation with both proteins increased the
dispersion of the clusters, suggesting that the two enzymes act synergistically in cell
separation.
Brunskill and Bayles (11) cloned and sequenced an operon containing lytS and lytR of S.
aureus. The deduced proteins are members of the family of two-component regulators. A
mutant lacking LytS and LytR forms aggregates and displays a rougher cell surface. The
mutant autolyzed faster than the wild-type, although the activity of several peptidoglycan
hydrolases had diminished. This effect was explained by the observation that an increased
amount of high-molecular-weight peptidoglycan-hydolyzing proteins were associated with the
mutant cells. Immediately downstream of lytSR another operon encodes LrgA, a protein with
sequence characteristics of bacteriophage proteins known as holins, and a protein of 25 kDa,
named LrgB (12). Transcription of lrgAB is regulated by LytS and LytR. Insertional
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disruption of lrgB did not affect the rate of growth or autolysis. A 25-to 30-kDa murein
hydrolase activity normally present in the cell wall was found in the supernatant of the mutant.
These results suggest that lrgB encodes a protein involved in the binding of the 25-30 kDa
hydrolyze. Sequence similarities with proteins of E. coli and B. subtilis uggest that the LytSR
and LrgAB proteins are involved in cell wall metabolism.
5.6. Clostridium
The various cell wall hydrolases of this species have been characterized as amidases
(146), glucosaminidases (99, 146, 160) and muramidases (22, 23, 160, 164). The gene for a
muramidase of C. acetobutylicum (lyc) is speculated to be derived from a temperate
bacteriophage (24). The active site domain of Lyc is located in the N-terminus and shows
homology with several lysozymes. The 41-kDa protein has two repeated sequences in the C-
terminal part (Fig. 2E) (103). The enzyme acts randomly on non-N-acetylated peptidoglycan
and the affinity of the muramidase was affected by the protein content of cell walls. These
proteins might act as a topological barrier between the muramidase and the peptidoglycan
(23).
The spore cortex-lytic enzyme SleC of C. per ringens is probably an amidase, is
inhibited by sufhydryl reagents, has hardly any activity on isolated cortical fragments and
isolated vegetative cell walls, and only hydrolyses intact stressed spore cortex (104). These
enzyme characteristics are quite similar to those of spore-lytic enzymes of B. megaterium and
B. cereus (see above). An inactive 36-kDa precursor form of SleC is non-covalently attached
to the exterior of the cortex of the coat of dormant spores. The pro-form is processed to
release the active 31-kDa enzyme during germination. The primary translation product of sleC
contains 438 aa residues, indicating that the 31-kDa enzyme is produced as a precursor with
three domains: an N-terminal prepro-sequence (114 aa) with homology to the central domain
of SleB of B. subtilis (106), a pro-sequence of 35 aa and the mature enzyme consisting of 289
aa (103). The C-terminus of the mature protein contains an aa sequence (Fig. 2E) which is
also present in the N-termini of SleB of B. subtilis and B. cereus and several other cell wall
hydrolases (106, 107).
5.7. Lactococcus
L. lactis was initially shown to contain only muramidase activity, although recently
some strains were suggested to contain glycosidase and either amidase or endopeptidase
activity as well (108, 112, 117). The prophage-cured and plasmid-free strain L. lactis MG1363
(57) expresses only one autolysin. Cloning and sequencing of the gene of this N-
acetylmuramidase AcmA is described in chapter 2 of this thesis (16). In this chapter, AcmA is
shown to be involved in cell separation as an acmA-mutant grows in long chains.
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Table 2. Cell wall hydrolases of which the genes have been cloned and sequenced from Gram-positive bacteria.)a
Strain Gene Spec. )b AA)c SS )d Role Homology )e Repeats )f References
B. licheniformis FD0120 cwlM AMI 253 n unknown LytC, CwlC, CwlD C-2-D (87)
B. licheniormis FD0120 cwlL AMI 360 (39) unknown CwlA C-2-E (113)
B. cereus IFO 13597 sleB AMI 259 32 spore cortex degradation
during germination
SleB of B. subtilis, SleC N-1-E (107)
B. subtilis 168S cwlA AMI 272 (39) unknown Atl (NAM), CwlL C-1-E (46, 83)
B. subtilis 168S lytC (= cwlB) AMI 496 24 autolysis, motility, cell
wall turnover
CwlC, CwlM, CwlD N-3-B (84, 91)
B. subtilis 168S cwlC AMI 255 N mother cell lysis during
sporulation
CwlM, LytC, CwlD C-2-D (81, 143)
B. subtilis AC327 cwlD ami 237 (27) germination LytC, CwlC, CwlM none (135)
B. subtilis 168 and AC327 lytD (=
cwlG)
NAG 880 27 motility Atl (NAG) N-2-C(a) /
Cn-2-C(b)
(97, 120)
B. subtilis 168 sleB ami 305 (29) spore cortex degradation
during germination
SleB of B. cereus N-1-E (106)
C. acetobutylicum ATCC 824 lyc NAM 324 N C-2-E (24)
C. perfringens S40 sleC ami 438 (25) spore cortex degradation
during germination
SleB of B. cereus and
B. subtilis
C-1-E (103)
E. faecalis mur NAM 641 (53) unknown AcmA, Mur-2 C-5-F (7)
E. hirae ATCC9790 mur2 NAM 666 49 cell separation AcmA, Mur C-6-F (20)
L. lactis MG1363 acmA NAM 437 (57) cell separation, autolysisMur, Mur-2 C-3-F (16)
L. monocytogenes iap unknow
n
484 27 cell separation, virulence,
peptidoglycan release
N-2-F (77)
Staph. aureus RN450 atl NAM/
NAG













S. pneumoniae Rst7 lytA AMI 316 N autolysis, cell separation C-6-A (54)
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)a  Only those genes are listed which are discussed in the text. For site of cleavage of peptidoglycan, see
Fig. 1.
)b Substrate specificity; AMI: N-acetylmuramyl-L-alanine amidase; NAG: N-acetylglucosaminidase;
NAM: N-acetylmuramidase; PEP; endopeptidase; lower case is used to indicate the expected specificity
based on homology.
)c Number of aa of the primary translation products.
)d SS: signal sequence; N: not present; n: expected not to be present; the number of (putative) aa
residues in signal sequence is indicated between brackets.
)e Homology of the (putative) active site domains with those of the other the proteins listed in this table.
)f  N, Cn, C: amino terminal, central, or carboxy terminal location of the repeated aa sequences in the
proteins; the number in the repeat code represents the number of repeats; the letter corresponds with the
type of repeat as presented in Fig. 2.
The properties of the mutant also proved that AcmA is the only enzyme in this strain
responsible for autolysis. Data presented in chapter 3 show that mature AcmA consists of two
domains of which the three repeats in the C-terminus are needed for cell wall binding. Similar
repeats are present in many proteins of various Gram-positive and Gram-negative bacteria and,
interestingly, not all of these are cell wall hydrolases (Table 1). The repeats are present either
in the N- or C-terminal region of the proteins. The presence of similar repeats in all of these
proteins strongly suggests that they are responsible for binding to a general unit of the
peptidoglycan.
6. Modular design of cell wall hydrolases
From the derived aa sequences of cell wall hydrolases it is clear that nearly all of the
enzymes consist of a cell wall binding domain and an active site domain. The cell wall binding
domains are in many cases comprized of repeated aa sequences. Figure 2 gives an overview of
the consensus sequences of repeated sequences present in autolysins of Gram-positive
bacteria.
Detailed studies on the modular structure of the S. pneumoniae major autolysin LytA
have been undertaken as well as on that of the very homologous pneumococcal phage amidase
Hbl3, and the pneumococcal phage muramidases Cpl1, Cpl7, Cpl9 (51, 56, 125). The C-
terminal parts of LytA, Cpl1, Cpl9 and Hbl3 are highly similar and all contain six repeated
sequences (Fig. 2A). Similar aa repeats are present in the C-termini of proteins of a family of
clostridial and streptococcal ligand binding proteins, suggesting that a substrate absorption
step preceding hydrolysis of covalent bonds is likely to be a general feature of the action of
enzymes with insoluble substrates (161). Cpl7 contains 3 C-terminal repeats of 48 aa residues
and, unlike the others enzymes, is not dependent on the presence of choline in the teichoic acid
of the cell wall for activity (56). The C-termini of LytA and Cpl1 have been expressed and
purified and proven to be devoid of cell wall-degrading activity. They recognized choline-
containing pneumococcal cell walls, indicating that the two domains function independently of
the respective catalytic domains (133). The N-terminal domains of the homologous Cpl1 and
Cpl7 muramidases and that of the LytA amidase all adapted an active conformation and did
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not depend on choline for activity (129). The activities of the truncated proteins were lower
than those of the wild-type enzymes, suggesting that the acquisition of a substrate binding
domain represents an advantage for enzymes that interact with polymeric substrates, by
allowing them to achieve a higher catalytic efficiency. In contrast to LytA, Cpl1 does not
require pre-incubation with choline or choline-containing cell walls to be converted to the fully
active form (see above), although this lysozyme shares an absolute requirement for choline-
containing teichoic acid for activity with LytA (53). By exchanging the homologous C-
terminal domains of Cpl1 and LytA, the regulatory properties of the chimeric proteins could
be switched without altering the catalytic activities (36). By reciprocally exchanging the C-
termini of the nonhomologous LytA and Cpl7 proteins, their choline dependencies could be
reversed (33). An active trifunctional pneumococcal peptidoglycan hydrolase was constructed
that consisted of the N-terminal catalytic domains of the muramidase Cpl1 and the Hbl3
amidase (130). The protein was choline dependent and exhibited both enzymatic specificity’s.
The gene for the C. acetobutylicum muramidase, lyc, encodes a protein of which the
N-terminal catalytic domain is very homologous to the N-terminus of Cpl1, while the C-
terminus contains 2 repeats which differ from those present in Cpl1 (Fig. 2E and 2A,
respectively)(24). A chimeric enzyme containing the catalytic N-terminus of Lyc and the
choline binding domain of Cpl1 was constructed (25). While Lyc is a choline-independent
muramidase unable to hydrolyze pneumococcal cell walls, the chimeric protein was capable of
hydrolyzing this substrate in a choline-dependent way. The chimeric protein did not hydrolyze
clostridial cell walls, indicating that the change of substrate binding domain had resulted in a
switch in specificity. A chimera of the N-terminal domain of the pneumococcal amidase LytA
and the C-terminal domain of Lyc exhibited an amidase activity. The protein, although a
choline-independent enzyme, was capable of hydrolyzing choline-containing clostridial cell
walls with an efficiency 250-times higher than when tested on pneumococcal cell walls,
indicating that the substrate recognition domain is in the C-terminus of Lyc (26). This
dependence of substrate specificity on the binding domain may offer an explanation for the fact
that the B. subtilis autolysins LytC and CwlC, which contain very similar active site domains,
have such a different substrate specificity’s: while LytC only degrades cell walls, CwlC is
additionally capable of hydrolyzing spore cortexes (47).
A chimeric cell wall lytic enzyme was also constructed by replacing the C-terminal half
of the lysin of the L. lactis phage Tuc2009, Lys, with the C-terminal cell wall-binding domain
of LytA (137). The N-terminus of Lys showed a low but significant homology with the N-
terminal catalytic domain of the pneumococcal muramidases, while its C-terminus contains 2
repeats of the type present in AcmA (Fig. 2F) (3, 16). The chimeric protein exhibited a
glycosidase activity capable of hydrolyzing choline-containing pneumococcal cell walls,
indicating that the Tuc2009 lysin also is built up of two domains.
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A. LytA of S. pneumoniae:
(GE)(WF)x(KQ)xx[x]xxWYY(FLM)xx[x]xGxM
B. LytC of B. subtilis and its modifier protein LytB:
RxxGxxRYxx(AST)[x21](YF)xDx7Ax6(VIL)(IL)x(TV)x4(VIL)[x18](VI)Gx(AST)x(AS)(VI)Sx4Nx(LI)
C. LytD of B. subtilis:
(a)  SxIxxEx3KA(IL)(IL)xxLAKQTxIx5P(VI)x7TIxSGxIxGx3AxxI
(b)  ITTEx(LI)(LI)xQxx(VI)x3LTFFKxNHIxVx3KTGQTA
D. CwlC of B. subtilis and CwlM of B. licheniformis:
LYKVQIGAFxxKxNA(DE)xLx3Ax3GFDxx(VI)
E. SleB and CwlA of B. subtilis, SleB of B. cereus, CwlL of B. licheniformis, Lyc of C. acetobutylicum, and SleC of C. perfringens:
(VIL)DGxx(GE)xxTxxA(IVL)xxx(FL)Qx3G(IL)xxDG(ILV)xGxxTx3(LIV)
F. p60 of Listeria, Mur2 of E. hirae, Mur of E. faecalis, and AcmA of L. lactis:
(YH)x(VIL)(KR)xG(DE)(TS)(LVI)xx(ILV)(AS)x9(LI)xxxNx[x](LI)x4[x](ILV)xxGQx(ILV)x(VIL)x
G. lysostaphin of S. aureus:
WKxNKTGTxYxxESAxFTx5IT[x]RxxGPFxSxPx7Gx4YxEVMxQDGHVWVGYTxx[x]GQRxYLPxRTWNxSx3[ ]LGVLWGxIx
H. Atl of S. aureus:
KlTvx3ngvAQix3NxGlxttVYdKTgKxtxex[x]vqkTFaVxKxaxlGxxkfyLvxdynsx4GWvkxgDvxynxakspVnvxQxY[x]xxKpgtklyxVPWGTxkqxagxvsgxgnqTFkax
KQqqidKsiYLxGxvNgksGWVskayL
FIG. 2. Consensus aa sequences of different types of repeats present in (putative) autolysins of Gram-positive bacteria.
Adapted from A (51, 161); B (91); C(97, 120); D (81, 87); E (59, 107); F (66); G (157); H (115). The presence of the repeats is given for only those enzymes
mentioned in the text. In the references, all indicated repeats in the various proteins can be found. xN: N amino acids, capitals: consensus aa, [x]: additional aa in
some of the repeats, (XY): one of the aa between brackets is present in the repeats, lower case: aa sequences identical in the first two repeats of Atl of S. aureus
but dissimilar to those in the third repeat.
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The results discussed above demonstrate the importance of the co-operation of the two
domains, the active site domain and a repeat domain involved in substrate binding, in cell wall
degradation: this co-operation not only results in an increase in the substrate concentration by
anchoring the enzyme onto its solid substrate, but also allows better access of the enzyme to
the cell wall via the binding domain (147). The hypothesis has been made that many cell wall-
lytic enzymes have evolved by modular evolution through fusion of pre-existing polypeptide
units (51, 93).
By serial deletion of repeats, their function in cell wall binding and enzyme activity has
been investigated for LytD of B. subtilis (120), LytA of S. pneumoniae (52), and AcmA of L.
lactis (this thesis, chapter 3). A truncated form of LytD (880 aa) lacking the C-terminal 187 aa
still remained tightly bound to cell walls but lacked catalytic activity, which is in accord with
the finding that the C-terminal domain of 312 aa was still catalytically active in vitro. At least
four of the six C-terminal repeats of LytA need to be present for the enzyme to efficiently
recognize the choline residues in the cell wall and to retain appreciable activity. This suggested
that the catalytic efficiency of the enzyme can be considerably improved by keeping the protein
attached to the cell wall substrate. AcmA requires at least two of the three repeats to retain
full activity, although a derivative with only one repeat still bound to the cell (chapter 3).
7. Expression of cell wall-lytic proteins in Lactococcus
The study of cell wall hydrolytic proteins in LAB recently received much attention.
Apart from the fundamental interest in these enzymes there are a number of more applied
reasons for the increased focus. Knowledge of the gene(s) and gene product(s) could be used
to manipulate lysis of LAB during or after fermentation. In this way, release of intracellular
enzymes with activities influencing food flavor and quality could be specifically induced or
prevented. In addition lyzed LAB cultures could be used as food additive per se, for nstance
after the production by the cells of important proteins (enzymes) or peptides. Alternatively, the
(auto)lysins could be used to prevent contamination of the products with unwanted micro-
organisms. A number of examples will be detailed below (for a recent review, see also
reference 58).
Enhanced lysis for cheese flavor development
Various research groups are in the process of developing food-grade inducible gene
expression systems, which would allow to express, among others, cell wall hydrolases (79).
Expression should preferably take place after a change in a physical condition which is easily
applicable in a fermentation process. In the example of milk fermentation for cheese
production, this could be a change in conditions which occur during cheese making or the
addition of a cheap substance which does not affect the cheese ripening.
Shearman et al. (136) were the first to report the expression of the gene for a cell wall
lytic enzyme in Lactococcus with the goal to obtain enhanced lysis. The lysin gene of the
lactococcal bacteriophage ÆvML3 was cloned on a plasmid together with its own promoter.
Normal growth was obtained in milk and a synthetic medium, although the cells lyzed
Introduction
23
spontaneously during the stationary phase. Most probably, lysin accumulation in the cells
during exponential growth, followed by normal, AcmA-induced autolysis and release of the
phage lysin, initiated a cascade of lysis. Recently, the same gene was cloned in a foodgrade
lactococcal plasmid from which gene expression can be regulated by the availability of purines.
As expected, the strains were more autolytic-prone and produced higher levels of lysin in the
growth medium in the absence of purines. Intercellular action in a mixed culture of lysin-
producing and non-producing cells was also shown (76).
The foodgrade nisin-inducible gene expression system (31) was used to induce
expression of the lysin (lytA) and holin (lytH) genes of L. lactis bacteriophage US3. Lysis of
cells and subsequent release of their content was shown. Also in this case the released lysin
was capable of lyzing cells that did not produce lysin (30, 79).
Chapter 5 of this thesis describes a system in which the major autolysin AcmA of L.
lactis was placed under control of the regulatory region of the temperate lactococcal
bacteriophage r1t. This genetic switch consists of the repressor specified by rro and a
promoter-operator region to which Rro binds to block transcription of genes downstream of
promoter P2. Induction with mitomycin C, which destroys Rro activity, was shown to result in
increased lysis. Nauta et l. (109) have shown that induced expression of the holin/lysin genes
lytPR of bacteriophage r1t in the same system also resulted in lysis of lactococcal cells.
Subsequently, Nauta et l.isolated a temperature sensitive mutant of Rro allowing the
construction of a temperature inducible gene expression system (110).
Sanders et al. (128) placed both (auto)lysin genetic determinants, ac A and lytPR, under
control of a chloride-inducible lactococcal genetic element and showed that by addition of salt
to cultures carrying one of these constructs expression of both cell wall lytic enzymes was
increased. This increase coincided with lysis and an increase in the release of the intracellular
peptidase PepX into the culture medium in both cases.
Elimination of specific contaminants
Van de Guchte et al. (155) expressed the lysozymes of the E. coli bacteriophages T4
and l in L. lactis. The proteins were active and present in the cell, and reduced the viability of
Clostridial cells when these were added to an L. lactis culture expressing the lysozymes (G.
Venema, personal communications).
Recently, Payne et al. (118) reported the expression of a lysin from an L.
monocytogenes bacteriophage in L. lactis. The lysin gene was expressed during growth on
lactose under control of the lactococcal promoter Plac. Lysis of cells of various strains of
Listeria was obtained by incubation with an extract of L. lactis producing the lysin. As
lactococcal cells lyse during ripening of cheese, it is envisaged that the phage lysin released
may lyse food spoiling Listeria cells.
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8. Outline of this thesis
This thesis describes the in-depth analysis of autolysis in L. lactis. In chapter 2, the
isolation and nucleotide sequence analysis of the gene of the N-acetylmuramidase AcmA of L.
lactis is described. By making a knock-out mutation of acmA, it was shown that AcmA is
essential for cell separation and is the only autolysin in L. lactis. Also, the confusion in
literature as to the number of different cell wall hydrolases in L. lactis was solved by showing
that all bands of cell wall hydrolase activity in a zymogram are derived from AcmA by
proteolytic degradation. The presence of active degradation products of AcmA led to the idea
that the whole protein is not needed for enzyme activity. This point was further addressed in
chapter 3 by sequentially deleting the three repeated aa sequences which are located in the C-
terminus of AcmA and by fusing the repeat domain to heterologous proteins. The C-terminal
deletion derivatives of AcmA still contained cell wall hydrolyzing activity and one of the
heterologous fusion proteins bound to lactococcal cells in a cell binding assay. These and other
results showed that AcmA is a modular protein consisting of an N-terminal active site domain
and a C-terminal domain responsible for cell wall binding. Chapter 3 also describes the
presence in L. lactis of a specific proteinase which cleaves between the C-terminal repeats.
The observation that AcmA is subject to proteolytic degradation was the incentive for the
analysis of influence of the lactococcal proteinase (caseinase) PrtP on the autolysin (chapter
4). PrtP was shown to degrade AcmA in vivo and the proteinase, thus, had a negative effect
on the level of autolysis of L. lactis. On the other hand, expression of a proteinase with a
different caseinolytic activity in the same genetic background resulted in increased autolysis,
indicating that the specificity of the proteinase is important with respect to this industrially
significant trait of L. lactis. The fundamental insights in AcmA and its gene were used to
construct an inducible lysis system for L. lactis. Chapter 5 shows that a higher level of
production of AcmA results in an increased level of autolysis. A plasmid was constructed from
which expression of AcmA could be induced. The construct was shown to be effective in
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Molecular cloning and nucleotide sequence of the gene encoding
the major peptidoglycan hydrolase of Lactococcus lactis,
a muramidase needed for cell separation
Summary
A gene of Lactococcus lactis subsp. cremoris MG1363 encoding a peptidoglycan
hydrolase was identified in a genomic library of the strain in pUC19 by screening
Escherichia coli transformants for cell wall lysis activity on a medium containing
autoclaved, lyophilized Micrococcus lysodeikticus cells. In cell extracts of L. lactis
MG1363 and several halo-producing E. coli transformants, lytic bands of similar
sizes were identified by denaturing sodium dodecyl sulfate (SDS)-polyacrylamide
gels containing L. lactis or M. lysodeikticus cell walls. Of these clearing bands,
corresponding to the presence of lytic enzymes with sizes of 46 and 41 kDa, the
41-kDa band was also present in the supernatant of an L. lactis culture. Deletion
analysis of one of the recombinant plasmids showed that the information specifying
lytic activity was contained within a 2,428-bp EcoRV-Sau3A fragment.
Sequencing of part of this fragment revealed a gene (acmA) that could encode a
polypeptide of 437 amino acid residues. The calculated molecular mass of AcmA
(46,564 Da) corresponded to that of one of the lytic activities detected.
Presumably, the enzyme is synthesized as a precursor protein which is processed
by cleavage after the Ala at position 57, thus producing a mature protein with a
size of 40,264 Da, which would correspond to the size of the enzyme whose lytic
activity was present in culture supernatants of L. lactis. The N-terminal region of
the mature protein showed 60% identity with the N-terminal region of the mature
muramidase-2 of Enterococcus hirae and the autolysin of Streptococcus faecalis.
Like the latter two enzymes, AcmA contains C-terminal repeated regions. In
AcmA, these three repeats are separated by nonhomologous intervening sequences
highly enriched in serine, threonine, and asparagine. Genes specifying identical
activities were detected in various strains of L. lactis subsp. lactis and L. lactis
subsp. cremoris by the SDS-polyacrylamide gel electrophoresis detection assay
and PCR experiments. By replacement recombination, an acmA deletion mutant
which grew as long chains was constructed, indicating that AcmA is required for
cell separation.
Peptidoglycan hydrolase gene, acmA
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Introduction
Bacteria produce several types of cell wall hydrolases, enzymes capable of hydrolyzing
the peptidoglycan of the cell envelope. On the basis of their cleavage specificities, the enzymes
are classified as N-acetylmuramidases (lysozymes), N-acetylglucosaminidases, N-
acetylmuramyl-L-alanine amidases, endopeptidases, and transglycosylases (45). Cell wall
hydrolases are thought to be involved in cell wall turnover, cell separation, competence for
genetic transformation, formation of flagella, sporulation, and the lytic action of some general
antibiotics (for reviews, see references 12, 39, and 52).
Strains of the starter bacterium Lactococcus lactis are of eminent economic importance
because of their worldwide use in cheese making. It is generally believed that during cheese
maturation, autolysis of the bacteria results in release of intracellular proteolytic enzymes, such
as a variety of peptidases which digest casein-borne peptides and, thus, may contribute to
cheese flavor development (49).
Some data are available on the biochemistry of autolysis and autolytic activity in
lactococci. Thus, Mou et al. (32) and Niskasaari (34) have shown that L. lactis subsp.
cremoris hows maximal autolytic activity during exponential growth in media with a neutral
pH. These investigators could detect only an N-acetylmuramidase, which was present in the
cell wall and supernatant fraction; no endopeptidase or glucosaminidase activity was
detectable. The lactococcal autolytic activity was inhibited by lipoteichoic acid and cardiolipin
and activated by trypsin in in vitro experiments (34). Mou et al.(32) also showed that the cell
walls of exponential-phase L. lactis subsp. cremoris cells autolyze most readily at the
equatorial ring. McDonald (31) noted that in L. lactis, filament formation was associated with
decreased autolysin activity, an observation later confirmed by Langsrud et al. (26). These
data suggest that autolytic activity in L. lactis is involved in cell separation.
Although data on the biochemistry of lactococcal autolysins is gradually emerging,
nothing is known about the genetic components governing autolysis in L. l c is. In th s paper,
we report the cloning, expression, and sequencing of the gene for the major peptidoglycan
hydrolase from L. lactis. In addition, a deletion mutant was constructed to assess the function
of the autolysin.
Materials and Methods
Bacterial strains, plasmids, and growth conditions. The strains and plasmids used in this study
are listed in Table 1. L. lactis was grown in M17 broth (Difco, West Molesey, United Kingdom) or
whey-based medium (11) at 30°C as standing cultures or on M17 agar, all of which were supplemented
with 0.5% glucose. Erythromycin (Boehringer GmbH, Mannheim, Germany) and 5-bromo-4-chloro-3-
indolyl-b-D-galactopyranoside (X-Gal) (Sigma Chemicals Co., St. Louis, Mo.) were added to
concentrations of 5 mg/ml and 0.008%, respectively. Escherichia coli was grown in TY (Difco
Laboratories, Detroit, Mich.) medium at 37°C with vigorous agitation or on TY medium solidified with
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1.5% (wt/vol) agar, containing 100 mg of ampicillin (Sigma) per ml, 50 mg of kanamicin (Boehringer)
per ml, or 100 mg erythromycin (Boehringer) per ml, when required. Isopropyl-b-D-
thiogalactopyranoside (IPTG) and X-Gal (both from Sigma) were used at concentrations of 1 mM and
0.002% (wt/vol), respectively.
TABLE 1. Bacterial strains and plasmids used in this study.

















Emr, b-GAL+, derivative of MG1363 with integrated pINTAA via portion 1
Emr, b-GAL+, derivative of MG1363 with integrated pINTAA via portion 2
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Emr b-GAL+, ori+ of pWV01; integration vector which replicates in strains
containing RepA
Apr pUC19 carrying a 4,137-bp lactococcal chromosomal DNA insert with
acmA gene
Apr, pAL01 with 507-bp EcoRV deletion
Kmr, pUK21 with 1,383-bp HindIII-SacI insert of pAL01
Kmr, pUK21 with 1,467-bp HindIII-SacI insert of pAL01
Apr, SK+ with 682-bp HindIII-SpeI fragment of pAL03
Apr, SK+ with 701-bp SacI-SpeI fragment of pAL03
Apr, SK+ with 477-bp ScaI-ClaI fragment of pAL04
Apr, pAL01 with 16-bp SmaI-EcoRI deletion
Apr, pAL08 with 701-bp SacI-SpeI deletion















General DNA techniques and transformation. Molecular cloning techniques were performed
essentially as described by Sambrook et al. (40). Restriction enzymes, the Klenow enzyme, T4 DNA
polymerase, T4 DNA ligase, and deoxynucleotides were obtained from Boehringer Mannheim and were
used according to the instructions of the supplier. Genomic DNA of L. lactis was isolated according to
the method described by Leenhouts et al. (29), with one modification: cell pellets resuspended in a lysis
solution with lysozyme were incubated at 55°C for 1  min (42). E. coli and L. lactis were transformed
by electroporation using a gene pulser (Bio-Rad Laboratories, Richmond, Calif.) as described by
Zabarovsky and Winberg (56) and Holo and Nes (16), with the modifications suggested by Leenhouts
and Venema (30), respectively.
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Sample preparation for SDS-PAGE. After overnight growth, the optical density of the L. lactis
cultures was measured in a Philips PU8720 UV/VIS scanning spectrophotometer (Pye Unicam Ltd.,
Cambridge, United Kingdom) at 600 nm. Five milliliters of the culture was subjected to centrifugation,
and the supernatant fractions were dialyzed against several changes of demineralized water, lyophilized,
and dissolved in 1 ml of denaturation buffer (3). The cell pellets were resuspended in 1 ml of
denaturation buffer, and cell extracts were prepared as described by van de Guchte et al. (46). Cell
extracts of E. coli strains were made accordingly after 2 ml of the overnight cultures was pelleted. The
samples were boiled for 5 min and centrifuged before loading. Sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) was carried out as described by Laemmli (25), with the Protean II
Minigel System (Bio-Rad). Prestained molecular weight markers were obtained from Bio-Rad and
Pharmacia AB (Uppsala, Sweden).
Detection of lytic activitiy in SDS-polyacrylamide gels. Lytic activity was detected in situby
using SDS-12.5% (wt/vol) polyacrylamide gels containing 0.2% (wt/vol) autoclaved, lyophilized
Micrococcus lysodeikticus ATCC 4698 cells (Sigma) or cell walls of L. lactis MG1363. Cell walls of
L. lactis MG1363 were isolated by the method of Potvin et al. (38), with the following modification:
after resuspension in 4% (wt/vol) SDS, the cells were disrupted as described by van de Guchte et al.
(46). After electrophoresis, the gels were gently shaken at room temperature for 24 to 48 h in three to
five changes of 100 ml 25 mM Tris-HCl (pH 7) containing 1% (vol/vol) Triton X-100 to allow for
protein renaturation (38). Bands of lytic activity were visualized by staining with 1% (wt/vol)
methylene blue (Sigma) in 0.01% (wt/vol) KOH and subsequent destaining with demineralized water
(18). SDS-polyacrylamide gels without cell walls were stained with Coomassie brilliant blue or by
using a silver stain kit (Bio-Rad).
Construction of a chromosomal gene library of L. lactis MG1363 in E. coli and screening
for lytic activity against M. lysodeikticus. A library of L. lactis MG1363 chromosomal DNA was
constructed as described by Zabarovsky and Allikmets (55), with some modifications. Genomic DNA
of L. lactis MG1363 was digested for 15 min with the appropriate amount of Sau3A to generate partial
digests. After electrophoresis in ultrapure agarose (Pharmacia) of the chromosomal digest, fragments of
4 to 10 kb in size were isolated from the gel by electroelution. The isolated chromosomal DNA
fragments, partially filled-in with dATP and dGTP, and pUC19 DNA linearized with SalI, partially
filled-in with dTTP and dCTP, were ligated, and the ligation mixture was used to electrotransform E.
coli NM522. After electroporation, the cells were plated on TY plates containing 0.2% (wt/vol)
autoclaved, lyophilized M. lysodeikticus cells and placed at 37°C. After 2 days the plates were placed
at room temperature and examined daily for the appearance of halo’s around the colonies.
Molecular cloning and DNA sequencing. For DNA sequencing, the two HindIII-SacI
fragments (1,467 and 1,383 bp, repectively) of pAL01 were subcloned into the HindIII and SacI sites
of pUK21, and the resulting plasmids were designated pAL04 and pAL03, respectively. The insert of
pAL03 was subcloned into two fragments at the unique SpeI site. pAL05 was constructed by digestion
of pAL03 with SpeI and HindIII and subcloning of the 682-bp fragment into the HindIII and SpeI sites
of pBluescript SK+; the other part of the insert of pAL03 was subcloned as an SpeI-SacI fr gment (701
bp) into the same sites of pBluescript SK+. This subclone was named pAL06. The 352-bp ScaI-SacI
fragment of the insert of pAL04 was subcloned as an ScaI-ClaI fragment into the SmaI and ClaI sites
of pBluescript SK+, resulting in pAL07.
Both strands of the inserts of the various subclones were sequenced by the dideoxy-chain
termination method (41) with the T7 sequencing kit (Pharmacia) and double-stranded plasmid
templates, according to the manufacturer's instructions, by using universal and reverse pUC primers.
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The sequence was completed with synthetic DNA primers. Primers were synthesized with a 381A DNA
synthesizer (Applied Biosystems, Inc., Foster City, Calif.). DNA nucleotide and amino acid sequences
were analyzed with the PC/GENE (version 6.7) sequence analysis program (IntelliGenetics, Inc.,
Geneva, Switzerland). Protein homology searches were carried out with the databases SWISSPROT
(release 27) and ATLAS of protein and genomic sequences (March 1994) by means of the FASTA
program (36).
Southern transfer, DNA hybridization, and PCR. After agarose gel electrophoresis, DNA was
transferred to GeneScreen Plus membranes (NEN Research Products, Boston, Mass.) by the protocol
of Southern, as modified by Chomczynski and Quasba (5). Probe labelling and hybridization were done
with the ECL labelling and detection system according to the instructions of the manufacturer
(Amersham International, Amersham, United Kingdom).
PCR was carried out with super Taq DNA polymerase according to the instructions of the
manufacturer (HT Biotechnology Ltd., Cambridge, England) on chromosomal DNA with the primer
combinations PALA-4 (5'-CTTCAACAGACAAGTCC) and PALA-14 (5'-GATAAATGATTCCA
AGC), both located within the acmA gene (see Fig. 4), or PALA-19 (5'-CAAGGTTAAGTCCACG),
which is located upstream of the insert of pINTAA, and BK05AL (5'-CATTATTTGATTGGAGTT),
which is located in the origin of replication of pORI280.
Contruction of acmA deletion strain. A replacement recombination system developed by
Leenhouts and Venema (28, 30) was used to replace acmA on the chromosome of L. lactis MG1363
with an acmA gene with an internal deletion. A unique SacI sit in acmA was obtained by cutting
pAL01 with EcoRI and SmaI (see Fig. 3). The plasmid DNA was treated with a Klenow enzyme,
ligated, and used to electotransform E. coli NM522. The resulting plasmid, pAL08, was digested with
SacI and SpeI, treated with T4 DNA polymerase, ligated, and used to electrotransform E. coli NM522,
giving plasmid pAL09. pAL09 was digested with BamHI and EcoRV, and the DNA fragment
containing the deleted acmAgene was subcloned into the BamHI and SmaI sites of pORI280. The
ligation mixture was used to electrotranform E. coli EC1000. The resulting integration plasmid, named
pINTAA, was used to electrotransform L. lactis MG1363. Selection of the second crossover event was
done as described by Leenhouts and Venema (30).
Nucleotide sequence accession number. The sequence identified in this study (see Fig. 4) has
been assigned GenBank accession number U17696.
Results
Analysis of peptidoglycan hydrolase activity of L. lactisMG1363.
Biochemical analyses indicate that L. lactishas only N-acetylmuramidase activity
(unpublished results) (32, 34). The peptidoglycan hydrolyzing activity of GM17 or whey-
grown L. lactis MG1363 was examined by SDS-PAGE in the presence of either autoclaved,
lyophilized M. lysodeikticus cells or isolated cell walls of L. lactis MG1363 as a substrate (Fig.
1). Eleven different clearing bands, corresponding to proteins ranging in size from 29 to 111
kDa, were detected in the supernatant fraction of the whey culture, but only three of these
bands were detectable in this fraction of the GM17 culture when autoclaved M. lysodeikticus
cells were used as a substrate. With cell walls of L. lactis MG1363, only three bands could be
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detected in the supernatant of the whey-grown cells and only one band, corresponding to an
approximately 46-kDa protein, could be detected in the GM17 culture supernatant. In the cell
extracts of the two cultures, only two clear bands were observed, corresponding to 41- and
46-kDa proteins, when M. lysodeikticus cells were used as a substrate. Only the smaller band
was found in gels containing isolated lactococcal cell walls. All the activities could be detected
when buffered Triton X-100 ranging from pH 3 to 10 was used in the renaturation, but the
staining conditions were optimal after renaturation at pH 7. When samples were run on SDS-
polyacrylamide gels without a substrate, protein bands corresponding to the clearing bands
could not be detected in either the cell extract or the supernatant fraction after staining with
Coomassie brilliant blue and subsequent silver staining (results not shown).
FIG. 1. Cell wall hydrolase activity
of L. lactis MG1363 in renaturing
SDS-12.5% PAGE. (A) Gel
containing 0.2% (wt/vol) M.
lysodeikticus autoclaved cells; (B)
gel containing 0.2% (wt/vol) cell
walls from L. lactis MG1363. Lanes:
WP and GM17, fractions of cultures
grown in whey-based medium and
GM17, respectively; C, cell extract;
S, supernatant fraction. The amount
of sample loaded was equalized
according to the optical density of the
cultures. Molecular masses (in
kilodaltons) of standard proteins are
shown on the right, and the sizes (in
kilodaltons) of two lytic bands
discussed in the text are indicated on
the left.
Peptidoglycan hydrolytic activity was also detected on GM17 agar plates in which M.
lysodeikticus cells had been incorporated. Hydrolysis of the cell walls could be seen as zones
of clearing around colonies of L. lactis MG1363 after 36 h of incubation at 30°C.
When a proteinase-positive strain of L. lactis MG1363 was examined for peptidoglycan
hydrolase activity by renaturing SDS-PAGE, only a few small clearing bands were present in
the supernatant fraction. The bands in the cell extract were the same as those seen in a
proteinase-deficient strain (results not shown).
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Cloning of the gene for peptidoglycan hydrolase of L. lactis MG1363.
The average size of the insert of the L. lactis MG1363 genomic library in pUC19 was 6
kb. Of approximately 8,000 colonies tested, 13 produced a halo on TY plates containing M.
lysodeikticus cells. Renaturing SDS-PAGE of cell extracts of these E. coli clones showed that
all produced clearing bands with sizes of approximately 46 and 41 kDa, as shown in Fig. 2 for
two selected clones. A 46-kDa band present in E. coli was present in the lactococcal cell
extract only, whereas a 41-kDa band produced by E. coli was observed in both the cell extract
and the supernatant fraction of L. lactis. Furthermore, several faster-migrating bands were
visible when cell extracts of the positive E. coli clones were analyzed. The sizes of the inserts
in pUC19 of the 13 E. coli clones ranged from 4.1 to 9 kb. Restriction enzyme analysis
showed that the plasmids isolated from all lysin-producing colonies shared a 4.1-kb Sau3A
insert. A clone containing only this 4.1-kb fragment showed growth problems. An overnight
culture of the strain foamed heavily, and flocculation of cells was observed in the culture by
visual inspection and by light microscopy. This clone was selected for further experiments, and
its plasmid was designated pAL01. A restriction map of the insert is presented in Fig. 3.
Various restriction enzyme digests of chromosomal DNA of L. lactis MG1363 were analyzed
by Southern hybridization with the 4.1-kb Sau3A insert of pAL01 as a probe. No
rearrangements were found, as judged from a comparison of the restriction map of this
fragment and the corresponding chromosomal DNA (results not shown).
FIG. 2. Cell wall hydrolase activity in E.
coli NM522 transformants by renaturing
SDS-12.5% PAGE. The gel contained 0.2%
(wt/vol) M. lysodeikticus autoclaved cells.
Lanes: 1 and 2, cell extract and supernatant
of L. lactis MG1363 grown in whey-based
medium, respectively; 3, cell extract of E.
coli NM522; 4 and 5, cell extracts of two
independent E. coli NM522 transformants
producing a halo on TY plates containing
M. lysodeikticus autoclaved cells. Molecular
masses (in kilodaltons) of standard proteins
are shown on the right. Two lytic bands
corresponding to sizes of 41 and 46 kDa are
indicated on the left.
The 507-bp EcoRV fragment of pAL01 could be deleted without loss of any of the
clearing bands. Because the activity band with the highest molecular mass present in the E.
coli (pAL02) cell extracts was 46 kDa and because the coding capacity of the smallest of the
Sau3A-EcoRV fragments (1,201-bp) was insufficient to encode a 46 kDa protein, the 2,428-
bp EcoRV-Sau3A fragment was subcloned and sequenced.
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FIG. 3. Map of pAL01. The 4,137-bp Sau3A DNA fragment of the chromosome of L. lactisMG1363
is indicated by the open bar. pAL01 includes acmA, orfA, and orfB. T, putative terminator; Plac, lac
promoter and its direction of transcription (open arrowhead); del., EcoRV del tion made to construct
pAL02; Apr, ampicillin resistance gene. The HindIII-SacI fragments used to construct pAL04 and
pAL03 are indicated by (a) and (b), respectively. The genetic analysis of the 2,206-bp Sau3A-SspI
fragment will be presented elsewhere (3a).
Nucleotide sequence of the lactococcal gene for peptidoglycan hydrolase.
The two SacI-HindIII fragments of pAL01 (Fig. 3, labelled a and b, respectively) were
subcloned into pUK21, and several smaller subclones were made by using pBluescript SK+.
The nucleotide sequence of the 1,930-bp SspI-Sau3A fragment of pAL01 (Fig. 4) shows that
it contains two complete open reading frames (ORF's), with lengths of 1,311 (acmA) and 282
bp (ORFA). Upstream of ORFA, a part of a third ORF was found, suggesting that ORFA is
the last ORF of an operon. Both ORFA and acmA are preceded by putative ribosome-binding
sites complementary to the 3' end of the lactococcal 16S rRNA (4) and have DG° values of
-9.7 and -9.6 kcal/mol (-41 and -40 kJ/mol), respectively (44). Also, a possible -10 and -35
region with a spacing of 23 bp is present upstream of acmA. The putative -10 region is
preceded by the sequence TGN, which is found in more than 40% of the lactococcal
promoters analyzed so far (10). An inverted repeat with a DG° value of -16 kcal/mol (-70
kJ/mol) that may function as a rho-independent terminator is located downstream of acmA
(37). The sequenced fragment has a G+C content of 36.2 mol%, which is in agreement with
the G+C content determined for L. lactis(38.6 mol%)(33). The codon usage of acmA and
ORFA is in agreement with that calculated by Van de Guchte et al. (47) from several
sequenced L. lactis genes.
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                   SspI
1                5'- ATTTTTGTTTTAAATCAGATTTTTTAGATTAAAGGCAAAAAGTTTTTACAAATATGAATCCTTAACGGAAAAACGTTTACA
                   -35                          -10         ScaI                        rbs
82   AACCGCCACCAAATTGACATCTTTTTTTAGCTTGAGGCGTGGTAGAATAAAGATAGTACTATTATATTTTGTAATCTTTAGaaaggTAATTATTT
     acmA -->
178  ATGCCAGTATCACGTGTTAAAGTTAAAAATAGACATTTAAAAAAGAAAACTAAAAAACCACTCGCTTTTTATAAACCAGCCACAAAATTTGCTGGC
1     M  P  V  S  R  V  K  V  K  N  R  H  L  K  K  K  T  K  K  P  L  A  F  Y  K  P  A  T  K  F  A  G
                                                     PALA-4 ->      
274  GCTGTTCTTATTGCCGGAACATTGACAACCACACATGAACTTCTTCTTCAACAGACAAGTCCAATGGTTCAAGCAGCGACTAACTCATCAGAGGTT
33    A  V  L  I  A  G  T  L  T  T  T  H  E  L  L  L  Q  Q  T  S  P  M  V  Q  A  A  T  N  S  S  E  V
                                                                               ­
370  TTTATTGAAAGTATTGCCGCATCAGCAAAACCTGTGGCAGATGCTAATGGCTTATATCCTTCGGTCATGATTGCCCAAGCTATTTTGGAAAGCAAC
65    F  I  E  S  I  A  A  S  A  K  P  V  A  D  A  N  G  L  Y  P  S  V  M  I  A  Q  A  I  L  E  S  N
                            SacI
466  TGGGGCTCAAGTCAGCTTTCACGAGCTCCTATTATAATTTATTTGGTATTCAAGGTACTTATCAAGGAAAGAGCGTCGTATTTAAAACTCAAGAG
97    W  G  S  S  Q  L  S  R  A  P  Y  Y  N  L  F  G  I  Q  G  T  Y  Q  G  K  S  V  V  F  K  T  Q  E
562  TATCTCAATGGTAAATGGGTGACTAAAGATATGCCCTTTAGGGTCTATCCTTCCTTTAATCAAAGTTTTCAAGACAATGCTTATGTTCTAAAAACA
129   Y  L  N  G  K  W  V  T  K  D  M  P  F  R  V  Y  P  S  F  N  Q  S  F  Q  D  N  A  Y  V  L  K  T
658  ACAAACTTTGGGAATGGTCCCTATTACGCTAAGGCTTGGCGGGCCAATGCTGCCACCTATCAAGACGCTACTGCTGCTTTGACGGGCAGATATGCT
161   T  N  F  G  N  G  P  Y  Y  A  K  A  W  R  A  N  A  A  T  Y  Q  D  A  T  A  A  L  T  G  R  Y  A
754  ACCGACCCAAGTTATGGCGCTTCACTGAATCGCATTATTTCTCAATATAATTTGACTCGTTTTGACGGAGCTTCTTCAGCTGGAAATACTAATTCT
193   T  D  P  S  Y  G  A  S  L  N  R  I  I  S  Q  Y  N  L  T  R  F  D  G  A  S  S  A  G  N  T  N  S
850  GGTGGCTCGACAACCACAATTACGAATAATAATTCTGGAACCAATAGCAGTTCAACTACTTATACCGTCAAATCTGGTGATACTCTTTGGGGAATC
225   G  G  S  T  T  T  I  T  N  N  N  S  G  T  N  S  S  S  T  T  Y  T  V  K  S  G  D  T  L  W  G  I
946  TCACAAAGATATGGAATTAGTGTCGCTCAAATTCAAAGTGCGAATAATCTTAAAAGTACCATTATCTACATTGGTCAAAAACTTGTACTGACAGGT
257   S  Q  R  Y  G  I  S  V  A  Q  I  Q  S  A  N  N  L  K  S  T  I  I  Y  I  G  Q  K  L  V  L  T  G
1042 TCAGCTTCTTCTACAAATTCAGGTGGTTCAAACAATTCCGCAAGCACTACTCCAACCACTTCTGTGACACCTGCAAAACCAACTTCACAAACAACT
289   S  A  S  S  T  N  S  G  G  S  N  N  S  A  S  T  T  P  T  T  S  V  T  P  A  K  P  T  S  Q  T  T
                                                         SpeI
1138 GTTAAGGTTAAATCCGGAGATACCCTTTGGGCGCTATCAGTAAAATATAAAACTAGT TTGCTCAATTGAAAAGTTGGAATCATTTAAGTTCAGAT
321   V  K  V  K  S  G  D  T  L  W  A  L  S  V  K  Y  K  T  S  I  A  Q  L  K  S  W  N  H  L  S  S  D
1234 ACCATTTATATTGGTCAAAATCTTATTGTTTCACAATCTGCTGCTGCTTCAAATCCTTCGACAGGTTCAGGCTCAACTGCTACCAATAACTCAAAC
353   T  I  Y  I  G  Q  N  L  I  V  S  Q  S  A  A  A  S  N  P  S  T  G  S  G  S  T  A  T  N  N  S  N
1330 TCGACTTCTTCTAACTCAAATGCCTCAATTCATAAGGTCGTTAAAGGAGATACTCTCTGGGGACTTTCGCAAAAATCTGGCAGCCCAATTGCTTCA
385   S  T  S  S  N  S  N  A  S  I  H  K  V  V  K  G  D  T  L  W  G  L  S  Q  K  S  G  S  P  I  A  S
                                                                                                 ----
              <- PALA-14                                            3'-TAATAATAATTACTTGAAAATCAATTATTT
1426 ATCAAGGCTTGGAATCATTTATCTAGCGATACTATTTTAATTGGTCAGTATCTACGAATAAAAT A TTATTATTAATGAACTTTTAGTTAATAAA
417   I  K  A  W  N  H  L  S  S  D  T  I  L  I  G  Q  Y  L  R  I  K
     ---------->      <--------------
1522 TTTTCTTACTTTAAGTTAGTAAGAAAAAAATTAAGAACATTTTGGCGAACTTCTACCTATCTTGCCCAGCCAAGACTGTAAGGTTGTCAGTAAAG
94   AAAAGAATGAAATTCAAT-3' E  K  K  L  E  Q  L  V  A  Q  L  H  I  S  R  T  P  E  S  M  G  V  T  M  E
1618 GGTTCCTCAACAAAGAAAAAGTTCTCGGTTAAGTTCTTTTTGTGCAACTTTACTTCAATTAAGAAGTGTCAAGCAATTTATCAGTTAGAGAAAAAA
69    W  P  T  T  E  K  E  L  A  L  E  L  F  V  R  Q  F  S  T  L  E  E  C  N  T  L  Y  D  I  E  K  K
1714 TCTCTCGTTTTAAAACAGTGCAACTTAGTGAAACAAATCCATCGCTTGGGTTTCAAGATTTAAGGTAAACCTAAAAACCCGTCGGACGTTCTCTAT
37    S  L  L  I  K  D  R  Q  I  V  K  N  L  Y  R  V  W  L  E  L  N  W  K  S  K  Q  A  A  Q  L  L  Y
            <-- ORFA        rbs                                   HindIII                    HindIII
1810 AAGTTAGGTGCAGTAACATTATtggagTCATAAAAACCTAAAAAAGCATTTATTAAAAAATTTCGAAGAAGTGGTATTCGGTTTGATAT CGAAG
5     E  I  W  T  M
35                  Q  L  L  R  L  I  K  P  N  K  R  L  Y  N  K  L  A  E  E  G  Y  A  L  S  Y  A  E
                           Sau3A
1905 ATTTTATTGGCGACCCAGACGGCTAG-5'         1930
8     L  I  V  A  P  D  A  S  <-- ORFB        1
FIG. 4. Nucleotide sequence and deduced amino acid sequences of acmA, ORFA and part of ORFB of
L. lactis MG1363. Putative ribosome-binding sites (rbs and lower case letters), -10 and -35 sequences
(shaded), start codons (boldface), and stop codons (underlined) are indicated. A possible transcriptional
terminator is indicated by horizontal arrows above the sequence. The synthetic primers PALA-4 and
PALA-14 used in the PCR experiment are overlined. The possible signal peptide cleavage site is
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indicated by a vertical arrow. A number of relevant restriction enzyme sites are also indicated. The




L. lactis MPVSRVKVKNRHLKKKTKKPLAFYKPATKfagavliagtltttHELL--------------------------------------   47
S. faecalis MKKESMSRIERRKAQQRKKTPVQWKKSttlfssalivssvgtpvallpvtaEATEEQPTNAEVAQAPTTETGLVETPTTETTPGI   85
E. hirae M--ENIARKERRRLNETKRFRKV-KRSaalvgtamvgcsvaapli-----------QPVQVDADQTPT-----------------   54
*  ...   .*.  .. *.     * .. . .....  .....                    
L. lactis --------------------------------LQQTSPMVQAATNSS--------------------------------------   62
S. faecalis TEQPTTDSSTTTESTTESSKETPTTPSTEQPTVDSTTPVESGTTDSSVAEITPVAPSTTESEAAPAVTPDDEVKVPEARVASAQT  170
E. hirae -------------------------------------------------------------------------------------   54
L. lactis ----------EVFIESIAASAKPVADANGLYPSVMIAQAILESNWGSSQLSRAPYYNLFGIQGTYQGKSVVFKTQEYLNGKWVTK  137
S. faecalis FSALSPTQSPSEFIAELARCAQPIAQANDLYASVMMAQAIVESGWGASTLSKAPNYNLFGIKGSYNGQSVYMDTWEYLNGKWLVK  255
E. hirae --QFGARINTAAFIAEIATYAQPIAQANDLYASVMIAQAVVESGWGSSALSQAPYYNLFGIKGSYQGQTVYMDTLEYLNNKWVSK  137
                        . **...*  *.*.*.**.**.***.***..**.**.* **.** ******.*.*.*..* ..* ****.**. *
L. lactis DMPFRVYPSFNQSFQDNAYVLKTTNFGNGPYY-AKAWRANAATYQDATAALTGRYATDPSYGASLNRIISQYNLTRFDGASSAGN  221
S. faecalis KEPFRKYPSYMESFQDNAHVLKTTSFQAGVYYYAGAWKSNTSSYRDATAWLTGRYATDPSYNAKLNNVITAYNLTQYDTPSSGGN  340
E. hirae KEPFRQYPSFAESFNDNAYVLRNTSFGNG-YYYAGTWKSNTKSYTDATACLTGRYATDPGYAGKLNNIITTYGLTKYDTPASGNA  221
. *** ***. .**.***.**..*.* .* ** * .*..*. .* **** *********.*...**..*. *.**..*...*...
L. lactis T------------NSGGSTTTITNNNSGTNSSSTTYTVKSGDTLWGISQRYGISVAQIQSANNLKSTIIYIGQKLVLTG--SASS  292
S. faecalis TGGGTV-NPGTGGSNNQSG------------TNTYYTVKSGDTLNKIAAQYGVSVANLRSWNGISGDLIFVGQKLIVKKGAS---  409
E. hirae GGGVTIGNGGNTGNTSNSGSTSGNSGGSATTTGTTYTVKSGDSVWGISHSFGITMAQLIEWNNIKNNFIYPGQKLTIKGGQSAGS  306
.            ... *.            ..* *******..  *.  .*...*.. . *......*. ****... ..*
L. lactis TNSGGSNNSASTTPTTSVTPAKPTSQTTVK---VKSGDTLWALSVKYKTSIAQLKSWNHLSSDTIYIGQNLIVSQSAAASNPSTG  374
S. faecalis -----GNTGGSGNGGSNNNQSG-----TNTYYTVKSGDTLNKIAAQYGVTVANLRSWNGISGDLIFVGQKLIVKKGTSGNTGGSS  484
E. hirae STTNTGNNASSGNTSGNTNTSGSTGQATGAKYTVKSGDSVWKIANDHGISMNQLIEWNNIKNNFVYPGQQLVVSKGSSSASGSTS  391
     .*...*.. ... . .      *     *****..  .. .. .....* .** .... .. **.*.*........ ...
L. lactis SGSTATNNSNS--TSSNSNASIHKVVKGDTLWGLSQKSGSPIASIKAWNHLSSDTILIGQYLRIK                      437
S. faecalis NGGSNNNQSGTN--------TYYTIKSGDTLNKIAAQYGVSVANLRSWNGISGDLIFAGQKIIVKKGTSGNTGGSSNGGSNNNQS  561
E. hirae NTSTGNTSSNTANTGSTTSGSTYTVKAGESVWSVSNKFGISMNQLIQWNNIKNNFIYPGQKLIVKGGSSSSNASTSTANNKNTAS  476
....... *..         . ...  *...  .... * ... .  ** .... *  ** . .* +.+......+.....+..+
S. faecalis GTNTY-------YTIKSGDTLNKISAQFGVSVANLRSWNGIKGDLIFAGQTIIVKKGAS--------------AGGNASSTNSAS  625
E. hirae SNTSSTATGQATYTVKAGESVWGVANKNGISMNQLIEWNNIKNNFIYPGQKLIVKGGSSKASATATIKPTASTPASTTPTASSTG  561
....        ++.+.+...  .... +.+...+ .++.++.. +. ++..+++ +.+              .........+..
S. faecalis GKRHTVKSGDSLWGLSMQYGISIQKIKQLNGLSGDTIYIGQTLKVG                                         671
E. hirae DTKYTVKAGESVWGVANKHHITMDQLIEWNNIKNNFIYPGQEVIVKKGTAQSTPAKSDEKTYTVKAGESVWGVADSHGITMNQLI  646
....+++.+.+.++.. .. +..... . +..... ++ ++.. .
E. hirae EWNNIKNNFIYPGQQLIVKK  666
B.
FIG. 5. (A.) Alignment of deduced amino acid sequences of AcmA of L. lactis, autolysin of S. faecalis,
and muramidase-2 of E. hirae. The internally repeated regions of the three proteins are underlined. *,
identical amino acids in all three proteins; +, identical amino acids between muramidase-2 and the
autolysin of S. faecalis in the C termini of the two enzymes not present in AcmA; ·, similar amino
acids; , signal peptide cleavage site in muramidase-2; shaded and lowercase letters, putative
membrane spanning domains. (B.) Schematic presentation of alignment shown in panel A. Thick line,
(putative) signal sequence. The two slashes indicate that the sequence in the S. faecalis autolysin is not
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present in AcmA and muramidase-2. Repeated sequences according to the consensus proposed by Joris
et al. (21) are boxed.
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Deduced amino acid sequences and homology comparisons.
acmA could encode a protein with 437 amino acids with a deduced molecular weight of
46,564. The first 57 amino acids constitute a putative signal peptide (50), and a membrane-
spanning domain was identified within this stretch of amino acids (Fig. 5). Cleavage of this
putative signal peptide would result in a protein with a size of 40,264 Da. The entire protein
has a predicted theoretical isoelectric point (pI) of 10.45. The protein without the putative
signal sequence has a predicted pI of 10.12.
An identity of approximately 56 % was found between the N-terminal part of AcmA
(amino acids 65 to 220) and muramidase-2 of Ent rococcus hirae (7), and the autolysin of
Streptococcus faecalis (3) (Fig. 5A). A low degree of similarity was observed with the
flagellar protein FlgJ of Salmonella typhimurium (20). From these data combined with the
biochemical data available (unpublished data) (32, 34) and the results presented below, we
conclude that we have cloned the gene encoding the major lysozyme (N-acetylmuramidase) of
L. lactis. Therefore, the gene was called acmA.
In the C-terminal part of the protein, three repeated regions are present. The regions are
44 amino acids long and are separated by intervening sequences highly enriched for serine,
threonine, and asparagine residues. The overall similarity between the repeated regions is
approximately 75 % (Fig. 6). At the DNA level, the homology is only 45 %. The C-terminal
repeats of AcmA have homology with the C-terminal repeated regions of the cell wall
hydrolases of E. hirae and S. faecalis. The organization of these repeats in the three enzymes
is schematically presented in Fig. 5B. This part of AcmA also shows homology with protein
p60 of Listeria monocytogenes, which recently has been shown to possess peptidoglycan
hydrolase activity (53).
ORFA could encode a protein of 94 amino acids with a molecular size of 11,287 Da.
The ORFA product has a homology of 64 % (19 % identity) with an 11.2-kDa hypothetical







                                .. .* .*****..* .   ..* ... *.*.*..* *** *
..
FIG. 6. Amino acid sequence alignment of the carboxy-terminal repeats of AcmA (boxed) plus
preceding and intervening sequences. The consensus sequence proposed by Joriset al. (21) is shaded. *,
identical amino acids; ×, similar amino acids.
Detection of acmA and its gene product in other lactococcal strains.
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L. lactis subsp. lactis IL1403, L. lactis subsp. lactis bv. diacetylactis 18-16s, and the L.
lactis subsp. cremoris trains AM1, HP, and MG1363 were grown in GM17 for 36 h. Cell
extracts were prepared and analyzed by renaturing SDS-PAGE using M. lysodeikticuscells as
a substrate. Major bands of lytic activity at positions corresponding to sizes of 41 and 46 kDa
were detected in all strains (results not shown). This result was complemented by PCR with
the two sequencing primers PALA-4 and PALA-14  (Fig. 4), and the data are shown in Fig. 7.
The  same 1,131-bp DNA fragment was amplified from the chromosomal DNA of all the
strains. These results indicate that all strains contain the same major peptidoglycan hydrolase
activity which, in strain AM1, has been identified as an N-acetylmuramidase (32).
FIG. 7. PCR products formed on
chromosomal DNA of the lactococcal strains
MG1363 (lane 1), IL1403 (lane 2), 18-16s
(lane 3), AM1 (lane 4) and HP (lane 5). The
primers used were PALA-4 and PALA14 (Fig.
4). Lane M, molecular weight markers
(bacteriophage SppI DNA cut with EcoRI),
sizes of which (in base pairs) are indicated on
the left.
Construction and analyses of a chromosomal ac A deletion mutant.
To investigate the function of AcmA, a deletion was introduced in the chromosomal
copy of acmA by replacement recombination (28, 30). After transformation of L. lactis
MG1363 with pINTAA, which carries acmAwith an internal deletion, the integrants (Emr and
b-galactosidase producing) were checked by PCR with the primers PALA-19 and BK05AL
(Fig. 8 labeled x and y, respectively). Integration via portions 1 and 2 of the insert of pINTAA
resulted in PCR products with lengths of 2,550 and 3,247 bp, respectively. Three-quarters of
the integrants obtained resulted from integration via portion 1 (results not shown). One of
these integrants was used for further experiments. Excision of the integrated plasmid was
established after nonselective growth for 30 to 35 generations in GM17. Cells were plated on
GM17 plates containing X-gal and 0.2% (wt/vol) autoclaved, lyophilized M. lysodeikticus
cells and screened for loss of blue staining and halo formation. The chromosomal DNAs of
two such colonies were analyzed by Southern hybridization (results not shown) and shown to
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have lost the HaeIII site located between the SacI and SpeI sites in acmA (Fig. 8). This result
indicates that acmA is not an essential gene in L. lactis.
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FIG. 8. Schematic representation of construction of chromosomal ac AD1 utant of L. lactis with
pINTAA. Closed bar, insert of pAL09 in pORI280; acmAD1, deletion derivative of acmA; Emr,
erythromycin resistance gene; lacZ, b-galactosidase gene of E. coli expressed under control of
lactococcal promoter P32 (p); open square, origin of replication of lactoccoal plasmid pWV01; 1 and 2,
possible sites for the first crossover; x and y, primers PALA-19 and BK05AL, respectively, used to
distinguish between the two types of Campbell integrants (labeled 1 and 2); A and B, possible regions
for a second crossover and their products (labeled A and B). A number of relevant restriction enzyme
sites are also shown.
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FIG. 9. AcmA activity in L. lactis
MG1363 (lanes 1 and 4) and deletion
mutants MG1363acmAD1-a (lanes 2
and 5) and acmAD1-b (lanes 3 and 6)
by renaturing SDS-12.5% PAGE. The
gel contained 0.2% (wt/vol) M.
lysodeikticus autoclaved cells. Cell
extracts (lanes 1 to 3) and supernatant
fractions (lanes 4 to 6) after growth in
GM17 were applied. The amount of
sample was equalized according to the
optical density of the cultures.
Molecular masses (in kilodaltons) of
standard proteins and of mature AcmA
(46) or its secreted form (41) are shown
on the right and left, respectively.
Cell extracts and supernatant fractions of the two deletion mutants and MG1363 grown
in whey-based medium or GM17 were analyzed on a renaturing SDS-polyacrylamide gel
containing autoclaved M. lysodeikticus cells as a substrate. Figure 9 shows that in both
deletion mutants, no cell wall hydrolase activity was present, either in the cell extracts or in the
supernatant fractions of GM17-grown cells. Also after growth in whey-based medium, no
clearing bands could be detected. The same results were obtained when autoclaved L. lactis
cells were used as a substrate (results not shown). The fact that all the clearing bands normally
present in cell extracts and supernatant fractions of L. lactis (Fig. 1) had disappeared after
inactivation of acmA indicates that all originated from AcmA.
As a result of the deletion of acmA, and in contrast to the wild-type strain MG1363,
MG1363acmAD1 did not lyse during prolonged stationary phase growth, as measured by the
reduction of the optical density (results not shown). After overnight growth in both GM17 and
whey-based medium, sedimentation of MG1363acmAD1 was observed. The cells of MG1363
and MG1363acmAD1 were examined by light microscopy. MG1363acmAD1 formed very long
chains compared with MG1363 (Fig. 10). The addition of the culture supernatant of a wild-
type strain to a culture of MG1363acmAD1 dispersed the long chains (results not shown).
These data indicate that the major lactococcal peptidoglycan hydrolase, AcmA, is needed for
cell separation.
The data presented above conclusively show that L. lactis contains only one major
peptidoglycan hydrolase, an N-acetylmuramidase (lysozyme) needed for cell separation.
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FIG. 10. Light microscopic view of L. lactis MG1363 (left) and MG1363acmAD1 (right). Both strains
were grown overnight in GM17. Magnification, ´1,000.
Discussion
In this report we present the cloning of the first peptidoglycan hydrolase of the genome
of a lactic acid bacterium. The gene encodes the major peptidoglycan hydrolase of L. lactis.
By PCR and denaturing SDS-PAGE, the gene was detected in all L. lact s strains used and, in
fact, in all strains tested so far (unpublished observation). Our own unpublished results for
strain MG1363 agree with the data on strain AM1, in which Mou et al. (32) observed only
muramidase activity in the cell wall fraction. Because of these observations, together with the
results of the homology studies presented here, we conclude that the cloned gene encodes the
lactococcal N-acetylmuramidase, an enzyme hydrolyzing the linkages between N-
acetylmuramic acid and N-acetylglucosamine moieties. Accordingly, the gene was designated
acmA. In a standardized assay to detect autolytic activity in a denaturing polyacrylamide gel,
several lytic bands were found in both the cell and supernatant fractions of an L. l tis culture
with M. lysodeikticus cell walls as a substrate, but only a few of these bands were found when
cell walls of the host were used. This result indicates that the lytic activities of L. lactis are far
more detectable with M. lysodeikticus cell walls as a substrate. This was also observed by
Leclerc and Asselin (27) when they analyzed bacterial extracts of Clos idium perfringens,
Bacillus megaterium, and S. faecalis. Comparison of the cell and supernatant fractions of the
wild-type lactococcal strain and an cmA deletion mutant revealed that all the lytic bands
present in the former originated from AcmA, as all disappeared in the deletion mutant.
Because the smallest active band corresponded to a molecular size of approximately 29 kDa, a
large part of AcmA can be removed without major loss of activity. The active site resides,
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most probably, in the N-terminus (see below), and the deletions are thought to occur in the C-
terminal repeated region. Degradation of cell wall hydrolases, without loss of activity, has
been observed previously in Bac llus licheniformis (35) and Bacillus subtilis (23, 24, 38). In
cell extracts of E. coli expressing acmA, two bands with sizes of 46 and 41 kDa and several
smaller bands were present upon renaturing SDS-PAGE with cell walls of M. lysodeikticus.
Bands with sizes of 41 and 46 kDa were also detected in cell extract of L. lactis, but nly the
smaller of the two was found in the supernatant fraction of L. l s. The calculated molecular
mass of AcmA (46,564 Da) corresponds to the size of the largest clearing band in the
lactococcal cell extract (46 kDa). The n-region of the putative signal sequence of AcmA
consists of 29 amino acids with 12 charged amino acid residues instead of the 8 to 12
generally observed in signal peptides of gram-positive bacteria (51). The signal sequence of
muramidase-2 of E. hirae has 11 charged amino acids within the first 29 amino acids (7). On
the basis of a signal peptide of 57 amino acids (50), the molecular mass of mature AcmA
would be 40,264 Da. Most probably, AcmA is produced as a preprotein, and the secreted
form is the 41-kDa protein that forms the major clearing band in the culture supernatant of L.
lactis. The 46-kDa preprotein is either present in smaller amounts or has reduced activity in
the assay used, as the corresponding band of activity is always less clear. The 41-kDa protein
present in the cell extract is, most likely, the enzyme that is still attached with its C-terminal
repeat region (see below) to the whole cell. The identity of the deduced amino acid sequences
of AcmA, muramidase-2 of E. hirae (7), and the autolysin of S. faecalis (3) is especially high
in the N-terminal regions of the three proteins which, most probably, encompass the active site
(21). Within this region, homology to the flagellar protein FlgJ of S. typhimurium was also
found (20). In the C terminus of AcmA, three repeated regions that conform to a consensus
sequence are present, as postulated by Joris et al. (21). From the homology comparison
presented here, it is clear that AcmA, muramidase-2, and the autolysin of S. f ecali co tain
three, six, and five such consensus sequences, respectively. All three cell wall hydrolases have
a repeat at the extreme C terminus. Similar repeats have also been detected in the B. subtilis
fPZA lysozyme, the homologous Bacillus gene 15 lysozyme, L. monocytogenes
pathogenicity-associated protein p60, and Staphylococcus aureus protein A by Joris et al. (21)
and in the sporulation related t-D-glutamyl-(L)meso-diaminopimelic-acid-hydrolyzing
peptidase I of Bacillus sphaericus by Hourdou et al. (17). We also found this consensus twice
in the N-terminal part of E. coli DniR, a protein affecting the anaerobic expression of
hexaheme nitrite reductase (22), and twice in the C-terminal part of the lysine of the
lactococcal bacteriophage Tuc2009 (1). The repeated regions are thought to be involved in
substrate recognition and, thus, cell wall binding (21).
The acmA deletion mutant grows in long chains, causing settling of the culture after
overnight growth. This result proves that AcmA is involved in cell separation as has been
postulated previously (26, 31). The p60 protein of L. mo ocytogenes (53) and muramidase-2
of E. hirae (9) also have an essential role in cell separation. Further analysis of the deletion
mutant will reveal whether acmA is the only lactococcal gene encoding a peptidoglycan
hydrolase or whether L. lactis contains a second muramidase, as is the case in E. hira (43).
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No halo’s were present when the deletion mutant was plated on GM17 containing M.
lysodeikticus or L. lactis cell walls. Also, in an in vivo assay, MG1363acmAD1 did not
autolyze during prolonged stationary-phase growth. These results indicate that L. lactis does
not express hydrolases that would have been missed in the denaturing SDS-PAGE procedure
used here.
In the supernatant of an L. lactis culture, no protein corresponding to the lytic bands
observed in an activity gel could be detected by SDS-PAGE. No differences between the
protein banding pattern of the AcmA mutant and the wild-type strain by SDS-PAGE were
observed (unpublished observation). These results suggest that the level of expression of the
cell wall hydrolase is very low. Moreover, the activity may be regulated by proteolytic
degradation, as has been observed in B. subtilis(19). Both phenomena are the subject of
current research.
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The N-acetylmuramidase of Lactococcus lactis binds to the cell wall by
means of repeated motifs located in the C-terminal domain
Summary
In the C-terminus of the major autolysin AcmA of Lactoc ccus lactis MG1363,
three highly similar repeated regions of 45 amino acid residues are present which
are separated by non-homologous sequences. The repeats of AcmA were
consecutively deleted and one additional repeat was added without destroying the
cell wall-hydrolyzing activity n vitro, although AcmA activity was reduced in all
cases. Proteins containing no or only one repeat did not give rise to autolysis of
lactococcal cells, and separation of the producer cells from the chains was
incomplete. The repeat-less AcmA moiety from Ala at position 58 to Ser-218 was
overproduced in Escherichia coli as a thioredoxin fusion protein. After cleavage
with enterokinase, the AcmA part was released and shown to be active in vitro.
Fusion of the repeats of AcmA to b-lactamase and a-amylase resulted in proteins
which were secreted and active. The b-lactamase fusion protein was mainly
retained in the cell wall. When mixed with lactococcal cells, purified b-
lactamase/AcmA fusion protein bound to these cells, whereas mature b-lacta se
did not. Also, exogenously AcmA deletion derivatives carrying one or two repeats
or the protein containing one additional repeat, bound to lactococcal cells. In
contrast, the derivative without repeats did not bind to the cells.
Introduction
The major autolysin AcmA of Lactococcus lactis subsp. cremoris MG1363 is an N-
acetylmuramidase which is required for cell separation and is responsible for cell lysis during
stationary phase (5, 6). The 40.3-kDa secreted mature protein produces a number of activity
bands in a zymogram of the supernatant of a lactococcal culture. Bands as small as that
corresponding to a protein of 29 kDa were detected. As no clearing bands are produced by an
L. lactis acmA deletion mutant, all bands represent products of AcmA (6). From experimental
data and homology studies we inferred that AcmA likely consists of three domains: a signal
sequence followed by an active site domain and a C-terminal region containing three highly
homologous repeats of 45 amino acids which might be involved in cell wall binding. As the
smallest active protein is 29 kDa, it was suggested that the protein undergoes proteolytic
breakdown in the C-terminal portion (5, 6).
Cell wall hydrolases of various bacteria and bacteriophages contain repeats similar to
those present in AcmA and in a number of cases a cell wall binding function has been
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postulated (4, 9, 10, 17). Partially purified muramidase-2 of Enterococcus hirae,  protein
similar to AcmA, containing 6 similar repeats, binds to peptidoglycan fragments of the strain
(11). The p60 protein of Listeria monocytogenes contains two such repeats and was shown to
be associated with the cell surface (24). However, which parts of these enzymes contained the
binding capacity was not assessed in either of these studies.
Nearly all cell wall hydrolases examined so far seem to consist of a catalytic domain and
usually, although not always, a domain containing a number of specific amino acid repeats. In
several studies it has been shown that only part of cell wall hydrolase genes are required for
enzymatic activity (13, 14, 17, 19, 22, 34). Rashid et al. (23) reported the cloning of the gene
encoding a 90-kDa glucosaminidase of B cillus subtilis of which the C-terminus shows
significant similarity with the glucosaminidase domain of the S. aureusautolysin. The protein
contains two repeated sequences in its N-terminus and two different repeats in the middle
domain. A deletion derivative lacking the C-terminal 187 amino acids remained tightly bound
to the cell walls, but no catalytic activity was observed when expressed in B. subtili. By
making deletions from the N-terminus it was shown that nearly two-thirds of the protein could
be removed without complete loss of cell wall-hydrolyzing activity in E. coli, al hough loss of
more than one repeat drastically reduced lytic activity.
The N-terminal domain of the major autolysin LytA of Streptococcus pneumonia
provides the N-acetylmuramyl-L-alanine amidase catalytic function, whereas the C-terminal
domain, which contains six repeated sequences, determines the specificity of binding to the cell
wall (for review: see reference 18). The protein lacks a signal sequence and requires choline-
containing teichoic acids to fully degrade pneumococcal cell walls. Furthermore, it was shown
that at least four of the six repeats were needed for efficient recognition of the choline residues
of pneumococcal cell walls and the retention of appreciable hydrolytic activity (7).
LytA, pneumococcal phage lysins as well as clostridial and lactococcal cell wall
hydrolases have been used for the construction of active chimeric proteins, such that the
activity domain and cell wall recognition domains were exchanged. The N-terminal half of the
lactococcal phage enzyme was fused to the C-terminal domain of LytA (28). The chimeric
enzyme exhibited a glycosidase activity capable of hydrolyzing choline-containing cell walls of
S. pneumonia. This result showed that the lactococcal phage lysin consisted of at least two
domains with a glucosidase activity contained in its N-terminus and two repeats similar to
those in AcmA in the C-terminus (6). A tripartite pneumococcal peptidoglycan hydrolase has
been constructed by fusing the N-terminal catalytic domain of the phage CPL1 lysozyme to
HBL3, a protein with an amidase activity and a choline-binding domain (27). The three
domains acquired the proper conformation as the fusion protein behaved as an amidase, a
lysozyme and as a choline-dependent enzyme.
Also from nature an enzyme is known having two separate functional activity domains:
the autolysin gene from Staphylococcus aureus encodes a protein that contains an amidase and
an endo-b N-acetylglucosaminidase domain separated by three highly similar repeats (20).
Posttranslationally this protein is processed in the two constituting activity domains.
Chapter 3
58
The aim of the present study was to investigate the modular structure of AcmA. This
was done by consecutively deleting the C-terminal repeats and by fusing the repeats to
heterologous proteins. On the basis of cell fractionation and binding studies involving whole
cells, it is concluded that the C-terminal repeats in AcmA bind the autolytic enzyme to the cell
wall of L. lactis.
Materials and Methods
Bacterial strains, plasmids, and growth conditions. The strains and plasmids used in this study
are listed in Table 1. Lactococcus lactis was grown at 30°C in two-fold diluted M17 broth (Difco
Laboratories, Detroit, Mich.) containing 0.5% glucose and 0.95% b-glycerophosphate (Sigma
Chemical Co., St. Louis, Mo.) as standing cultures (0.5´ M17). Agar plates of the same medium
contained 1.5% agar. Five mg/ml of erythromycin (Boehringer GmbH, Mannheim, Germany) was
added when needed. Escherichia coli was grown at 37°C with vigorous agitation in TY medium
(Difco), or on TY medium solidified with 1.5% agar. When required, the media contained 100 mg of
ampicillin (Sigma), 100 mg erythromycin or 50 mg kanamycin (both from Boehringer) per ml.
Isopropyl-ß-D thiogalactopyranoside (IPTG) and 5-bromo-4-chloro-3-indolyl-b D galactopyranoside
(X-gal) (both from Sigma) were used at concentrations of 1 mM and 0.002%, respectively.
General DNA techniques and transformation. Molecular cloning techniques were performed
essentially as described by Sambrook et al. (25). Restriction enzymes, Klenow enzyme and T4 DNA
ligase were obtained from Boehringer and were used according to the instructions of the supplier.
Deoxynucleotides were obtained from Pharmacia (Pharmacia LKB Biotechnology AB, Uppsala,
Sweden). All chemicals used were of analytical grade and were from Merck (Darmstadt, Germany) or
BDH (Poole, United Kingdom). Electrotransformation of E. c li and L. lactis was performed by using
a gene pulser (Bio-Rad Laboratories, Richmond, Calif.), as described by Zabarovsky and Winberg (37)
and Leenhouts and Venema (16), respectively. Plasmid DNA was isolated using the QIAGEN plasmid
DNA isolation kit (QIAGEN GmbH, Hilden, Germany) or by CsCl-ethidiumbromide density gradient
centrifugation and DNA fragments were isolated from agarose gels using the QIAGEN gel extraction
kit and protocols from QIAGEN.
Primer synthesis, PCR, and DNA sequencing. Sy thetic oligo deoxyribonucleotides were
synthesized with an Applied Biosystems 392 DNA/RNA synthesizer (Applied Biosystems Inc., Foster
City, Calif.). The sequences of the oligonucleotides used are listed in Table 2.
Polymerase chain reactions (PCR) were performed in a Bio-Med thermocycler 60 (Bio-Med
GmbH, Theres, Germany) using super Taq DNA polymerase and the instructions of the manufacturer
(HT Biotechnology Ltd., Cambridge, United Kingdom). PCR fragments were purified using the
nucleotide removal kit and protocol of QIAGEN.
Nucleotide sequences of double-stranded plasmid templates were determined using the dideoxy
chain termination method (26) with the T7 sequencing kit and protocol (Pharmacia) or the automated
fluorescent DNA sequencer 725 of Vistra Systems (Amersham Life Science Inc., Buckinghamshire,
United Kingdom ).
Nucleotide and amino acid sequences were analyzed with the PC/GENE sequence analysis
program (version 6.8. IntelliGenetics, Inc., Geneva, Switzerland). Protein homology searches in the
SWISSPROT, PIR, and Genbank (release September 23, 1996) databases were carried out with the
BLAST program (1).
Cell wall-binding of AcmA
59
TABLE 1. Bacterial strains and plasmids used in this study.
Strain or plasmid Relevant phenotype or genotype Source or
reference
Strains







Derivative of MG1363 carrying a 701-bp SacI S eI deletion in acmA
supE thi D(lac-proAB) Dhsd5(rk- mk-)[F' proAB lacIqZM15]
ompT rB-mB- int; bacteriophage DE3 lysogen carrying the T7 RNA polymerase gene controlled





























Apr, vector for high level expression of thioredoxin fusion proteins
Kmr, general cloning vector
Apr, general cloning vector
Apr, pUC19 carrying a 4,137-bp lactococcal chromosomal DNA insert with acmA gene
Apr, pBluescript SK+ with 785-bp SacI-EcoRI fragment of acmA obtained by PCR with
primers ALA-4 and REPDEL-1
Apr, pBluescript SK+ with 554-bp SacI-EcoRI fragment of acmA obtained by PCR with
primers ALA-4 and REPDEL-2
Apr, pBluescript SK+ with 348-bp SacI-EcoRI fragment of acmA obtained by PCR with
primers ALA-4 and REPDEL-3
Emr, Cmr, pGK13 containing acmA under control of its own promoter on a 1,942-bp SspI-
BamHI insert
Emr, Cmr, pGKAL1 derivative expressing A2
Emr, Cmr, pGKAL1 derivative expressing A1
Emr, Cmr, pGKAL1 derivative expressing A0
Emr, Cmr, pGKAL1 derivative expressing A1.5
Emr, Cmr, pGKAL1 derivative expressing A4
Apr, pET32A expressing active site domain of AcmA from residues 58 to 218 fused to
thioredoxin
Emr, pWV01 derivative expressing E. coliTEM-b-lactamase fused to export element BL1 of L.
lactis
Emr, pWV01 derivative expressing B. licheniformis a-amylase fused to export element AL9 of
L. lactis
Kmr, pUK21 with ±1,050-bp ClaI-HindIII fragment of pGAL9
Kmr, pUKAL1 in which the ±650-bp SalI-EcoRV fragment is replaced by the 440-bp SalI-
EcoRV fragment of the PCR fragment obtained with primers ALFA-A and -B
Kmr, pUKAL2 with 1,104-bp PvuII-XbaI fragment of pAL01 in EcoRV and XbaI sites
Kmr, pUK21 with 311-bp PstI-NdeI PCR fragment obtained with primers BETA-1 and -2
Kmr, pUKblac carrying 1,104-bp PvuII-XbaI fragment of pAL01 in NdeI and XbaI sites
Emr, pGBL1 expressing the b-lactamase/AcmA fusion protein
























Construction of AcmA derivatives. A top codon and EcoRI restriction enzyme site were
introduced in acmA at the end of nucleotide sequences encoding the repeats and at the end of the
sequence specifying the active site domain by PCR using the primers REPDEL-1, REPDEL-2, and
REPDEL-3 and plasmid pAL01 as a template. Primer ALA-4, annealing within the sequence encoding
the signal peptide of AcmA, was used in all cases as the upstream primer. All three PCR products were
digested with SacI and EcoRI and cloned into the corresponding sites of pBluescript SK+ leading to
pDEL1, pDEL2, and pDEL3. Subsequently, the 1,187-bp PflmI-EcoRI fragment of pGKAL1 (5) was
replaced by the 513, 282 and 76-bp PflmI EcoRI fragments of the inserts of pDEL1, 2 and 3,
respectively. The proper plasmids specifying proteins containing no, one, or two repeats (pGKAL5, 4,
and 3, respectively) were obtained in L. lactis MG1363acmAD1. pGKAL1 was cut with SpeI. The
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sticky ends were flushed with Klenow enzyme and self-ligation introduced an UAG stop codon after the
Ser 339 codon of acmA. The resulting plamid was named pGKAL6. A DNA fragment encoding half of
the first repeat until the SpeI site in the middle of the second repeat was synthesized by PCR using the
primers REP4A and REP4B. The N I and SpeI sites at the ends of the 250-bp PCR product were cut
and the fragment was cloned into the unique SpeI s te of pGKAL1 resulting in plasmid pGKAL7.
Table 2. Oligonucleotides used in this studya).



































a) The indicated restriction enzyme (R/E) sites are underlined while stopcodons are shown in italic.
Overexpression and isolation of the AcmA active site domain. A DNA fragment encoding the
active site domain of AcmA was obtained using the primers ACMHIS and REPDEL-3 with plasmid
pAL01 as a template. The 504-bp PCR fragment was digested with BglII and EcoRI and subcloned
into the BamHI and EcoRI sites of pET32A (Novagen R&D systems Europe Ltd., Abingdon, United
Kingdom). The proper construct, pETAcmA, was obtained in E. coli BL21(DE3) (30). Expression of
the thioredoxin/AcmA fusion protein was induced in this strain by adding IPTG (to 1 mM final
concentration) at an OD600 of 0.7. Four hours after induction the cells from 1 ml of culture were
collected by centrifugation and the fusion protein was purified over a TalonTM metal affinity resin
(Clontech Laboratories Inc., Palo Alto, Calif.) using 8 M ureum-elution buffer and the protocol of the
supplier. The eluate (200 ml) was dialyzed against a solution containing 50 mM NaCl and 20 mM Tris
(pH 7) after which CaCl2 was added to a final concentration of 2 mM. One unit of enterokinase
(Novagen) was added and the mixture was incubated at room temperature for 20 h. The protein mixture
was dialyzed against several changes of demineralized water before SDS-PAGE analysis and cell
binding studies.
Construction of b-lactamase and a-amylase fusions to the AcmA repeat domain. For the
introduction of an unique NdeI site at the position of the stop codon of the E. coli TEM-b-lactamase,
the oligonucleotides BETA-1 and BETA-2 were used in a PCR with plasmid pGBL1 (21) as a
template. The 403-bp PCR fragment was cut with NdeI and PstI and cloned as a 311-bp fragment into
the same sites of pUK21. The resulting plasmid, pUKblac, was digested with NdeI, tr ated with
Klenow enzyme and subsequently digested with XbaI. The b-lactamase encoding fragment was ligated
to an 1,104-bp PvuII-XbaI DNA fragment from pAL01 containing the acmA part encoding the repeat
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region of AcmA. The resulting plasmid, pUKblacrep, was digested with PstI an DraI and the 1,349-
bp fragment was inserted into the PstI-SnaBI sites of pGBL1, leading to plasmid pGBLR.
After digestion of pGAL9 (21) with ClaI and HindIII the 1,049-bp fragment encompassing the 3’-end
of the Bacillus licheniformis a-amylase gene was subcloned into corresponding sites of pUK21.
According to the paper of Pérez Martínez et al. (21), this fragment should be 1,402-bp, but after
restriction enzyme analysis it turned out to be approximately 350-bp smaller. The resulting plasmid
was called pUKAL1. An unique EcoRV restriction enzyme site was introduced by PCR at the position
of the stopcodon of the B. licheniformis a-amylase gene using the oligonucleotides ALFA-A and
ALFA-B with plasmid pGAL9 as a template. After restriction of the 514-bp PCR fragment with SalI
and EcoRV the 440-bp fragment was cloned into the same sites of pUKAL1 resulting in plasmid
pUKAL2. The EcoRV and XbaI sites of this plasmid were used to clone the 1,104-bp PvuII-XbaI
fragment of pAL01 encoding the repeats of AcmA. The 1,915-bp ClaI-HindIII fragment of the
resulting plasmid pUKALR was used to replace the corresponding 1,049-bp fragment of pGAL9
(pGALR). All cloning steps described above were performed in E. coli NM522. The plasmids pGBL1,
pGBLR, pGAL9, and pGALR were used to transform L. lactis MG1363 and MG1363acmAD1.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and detection of AcmA and a-
amylase activity. Two ml of end exponential phase L. l ctis cultures were subjected to centrifugation.
0.5 ml of the supernatant fractions were dialyzed against several changes of demineralized water,
lyophilized, and dissolved in 0.25 ml of denaturation buffer (3). Cell pellets were washed with 2 ml of
fresh 0.5´ M17 medium and resuspended in 1 ml of denaturation buffer. Cell extracts were prepared as
described by Van de Guchte et al.(32).
AcmA activity was detected by a zymogram staining technique using SDS-PAA (12.5% or
17.5%) gels containing 0.15% autoclaved, lyophilized Micrococcus lysodeikticus ATCC 4698 cells
(Sigma) as described before (6). For the analysis of a- mylase activity 1% starch was included into
12.5% PAA gels. After electrophoresis proteins were renatured using the AcmA renaturation solution
(3) and the gel was stained with an I2/KI solution (at final concentrations of 12 and 18 mM,
respectively) (33).
SDS-PAGE was carried out according to Laemmli (15) with the Protean II Minigel System (Bio-
Rad) and gels were stained with Coomassie brilliant blue (Bio-Rad). The standard low range and
prestained low and high range SDS-PAGE molecular weight markers of Bio-Rad were used as
references.
Fractionation of mid- and end-exponential phase cultures of L. lactis was performed according to
the protocol of Baankreis (2).
Binding of AcmA and its derivatives to lactococcal cells. The cells of 2 ml of exponential
phase cultures of MG1363acmAD1 were gently resuspended in an equal volume of supernatant of
similarly grown MG1363acmAD1 carrying either plasmid pGK13, pGKAL1, -3, -4, -5, -6 or -7 and
incubated at 30°C for 20 min. Subsequently, the mixtures were centrifuged. The cell pellets were
washed with 2 ml of 0.5´ M17 and cell extracts were prepared in 1 ml of denaturation buffer as
described above, while 0.4 ml of the supernatants were dialyzed against demineralized water,
lyophilized, and dissolved in 0.2 ml of denaturation buffer.
To analyze competitive binding between AcmA derivatives containing 1 or 2 repeats, equal
volumes of the supernatants of MG1363acmAD1 containing pGKAL3 or pGKAL4 were mixed prior to




Three 500 ml samples of a mid-exponential phase culture of MG1363acmAD  were centrifuged.
From one sample 50 ml of the supernatant were replaced by 50 ml of a solution containing the AcmA
active site domain (see above). 100 ml of the supernatant of sample two were replaced by 50 ml
demineralized water and 50 ml of the supernatant of a mid-exponential phase culture of
MG1363acmAD1(pGKAL4). Of the third sample 100 ml of the supernatant were replaced by 50 ml of
the solution containing the AcmA active site domain and 50 ml of the supernatant of MG1363acmAD1
(pGKAL4). Subsequently the three samples were vortexed to resuspend the cells and incubated for 15
min at 30°C. After centrifugation cell and supernatant fractions were prepared in 500 ml of
denaturation buffer for analysis of AcmA activity in SDS-17.5% PAGE as described above.
Binding of the b-lactamase/AcmA fusion protein was studied by growing MG1363acmAD1
containing pGK13, pGBL1, or pGBLR until mid-exponential phase. The cells of 1 ml of
MG1363acmAD1(pGK13) culture were resuspended in an equal volume of supernatant of either of the
other two cultures. The mixtures were prepared in duplo and one series was incubated at 30°C for 5
min while the other was kept at that temperature for 15 min. Then, cell and supernatant fractions were
treated as described for the AcmA binding studies, resuspended in denaturation buffer in half of the
original volume, and subjected to SDS-12.5% PAGE followed by Western blot analysis.
Western blotting and immunodetection. Proteins were transferred from SDS-PAA gels to
BA85 nitrocellulose membranes (Schleicher and Schuell, Dassel, Germany) as described before (31).
b-lactamase antigen was detected with 2000-fold diluted rabbit polyclonal anti-ampicillinase antibodies
(5 prime®3 prime, Inc., Boulder, Co.), and alkaline phosphatase-conjugated goat anti-rabbit antibodies
(Promega Corporation, Madison, Wis.) using the Western-Light Chemiluminescent detection system
and protocol (TROPIX Inc., Bedford, Mass.).
Enzyme assays and optical density measurements. AcmA activity was visualized on 0.5´ M17
agar plates containing 0.2% autoclaved, lyophilized M. lysodeikticus cells as halo’s around colonies
after overnight growth at 30°C.
a-amylase activity was detected by spotting 10 ml of an overnight culture onto a 0.5´ M17 agar
plate containing 1% of starch (Sigma). After 18 h of incubation at 30°C halo’s were visualized by
staining with an iodine solution according to the protocol of Smith et al. (29). A similar method was
used for the detection of b-lactamase activity (29).
X-prolyl dipeptidyl aminopeptidase (PepX) was measured using the chromogenic substrate Ala-
Pro-p-nitroanilid (BACHEM Feinchemicalien AG, Bubendorf, Switserland). After 2 min of
centrifugation in an eppendorf microcentrifuge 75 ml of a culture supernatant was added to 50 ml
substrate (2 mM) and 75 ml Hepes buffer (pH 7). The mixture was pipetted into a microtiter plate well
and color development was monitored in a THERMOmax microtiter plate reader (Molecular Devices
Corporation, Menlo Oaks, Ca) at 405 nm during 20 min at 37°C. Optical densities were measured in a
Novaspec II spectrophotometer (Pharmacia) at 600 nm.
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Results
Two of the three repeats in AcmA are sufficient for autolysis and cell separation.
Several mutant AcmA derivatives were constructed to investigate the function of the
three repeats in the C-terminus of AcmA. A stopcodon was introduced behind the codon for
Thr-287 (pGKAL4) or Ser-363 (pGKAL3) (see Fig. 1). Plasmid pGKAL4-specified AcmA
(A1) only contains the first (most N-terminal) of the three repeats, while pGKAL3 specifies an
AcmA variant (A2) carrying the first two repeats. pGKAL5 specifies an AcmA derivative
lacking repeats (A0) due to the introduction of a stopcodon after Ser-218. AcmA specified by
pGKAL6 contains one and a half repeat (A1.5) due to the presence of a stopcodon behind the
Ser-339 codon. From pGKAL7 an AcmA mutant (A4) is produced which carries an additional
(fourth) repeat as the result of duplication of the polypeptide from Ser-263 to Thr-338. All
proteins were expressed from the acmA promoter in the AcmA-negative strain L. lactis
MG1363acmAD1. The various deletions of AcmA were examined with respect to the
following properties: (I) their effect on halo formation on plates containing cell wall fragments
of M. lysodeikticus, (II) chain length of the cells expressing the mutant AcmA’s, and
sedimentation of the cells in a standing culture, (III) their enzymatic activity, both in the cell
and supernatant fraction and (IV) autolysis.
Halo formation. On a 0.5´  M17 plate containing cell wall fragments of M. lys deikticus
halo’s were absent when MG1363acmAD1 carried pGK13 or pGKAL5. All other strains
produced a clear halo that differed in size. The halo size was clearly correlated with the
number of full length repeats present, although the addition of an extra repeat resulted in a
reduced halo size (see Table 3). Apparently, for optimal cell wall lytic activity a full
complement of repeats is required.
Cell separation and sedimentation. The deletion of one and a half, two and all three
repeats had a clear effect on the chain length and on sedimentation of the cells after overnight
growth (see Table 3). Thus, efficient cell separation requires the presence of at least two
repeats in AcmA.
Enzyme activity. Cells and supernatants of overnight cultures of all strains were analyzed
for AcmA activity by SDS-PAGE. In the cell fractions no activity was detected for A0, not
even after one week of renaturation of the protein (Table 3). Of the other derivatives, two
major activity bands were present in this fraction. In each case their positions in the gel
corresponded to proteins with the calculated molecular weights of the unprocessed and the
processed form. (Table 3 and not shown). As shown in Fig. 1, all AcmA derivatives were still
active in the supernatant fractions. AcmA produced the characteristic breakdown pattern as
determined before (Fig. 1, lanes 1 and 3; (6)). All AcmA derivatives except A0 and A1 also
showed a distinct and highly reproducible degradation pattern. A4 showed 2 additional
breakdown products after prolonged renaturation (results not shown). These data indicate that
removal of the repeats does not destroy AcmA activity and suggests that one repeat is
sufficient to keep the enzyme cell-associated.
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   sup         ce
Cell
  binding j)
1  MG pGK13 A3 32.6 16.9 A 3.1 - +            + +
2  D1 pGK13 - 15.2   0.3 C 0 + -             - -
3  D1 pGKAL1 A3 36.7 19.8 A 5.0 - +            + +
4  D1 pGKAL3 A2 29.3 13.3 A 4.6 - +            + +
5  D1 pGKAL4 A1 18.8   0.4 B 3.9 + +            + +
6  D1 pGKAL5 A0 15.6   0.3 C 0 + +             - -
7  D1 pGKAL6 A1.5 18.6   1.6 B 2.2 ± +            + +
8  D1 pGKAL7 A4 21.1   4.9 A 4.0 - +            + +
a) The number corresponds to the AcmA derivative produced, as schematized in Fig. 1.
b) MG: L. lactis MG1363, D1: L. lactis MG1363acmAD1.
c) -: no AcmA produced; Ax: AcmA with x repeats.
d) The OD600 reduction was calculated using the following formula: [(ODax.-OD60 hours)/ODmax.]* 100%.
e) Activity is in arbitrary units measured as the increase of absorption at 405 nm in time.
f) End exponential phase 0.5´ M17 cultures were subjected to light microscopic analysis.
A: mainly single cells and some chains up to 5 cells
B: some single cells but mainly chains longer than 5 cells
C: no single cells, only very long chains
g) The sizes of the halo’s were measured in millimeters from the border of the colony after 45 h of incubation at 30°C.
h) Analyzed by visual inspection of standing ½M17 cultures after overnight growth in test tubes.
i) Judged from zymograms of samples from end-exponential phase 0.5´ M17 cultures; sup: supernatant fraction, ce: cell-extract.
j) Binding of AcmA derivatives in supernatants of end-exponential phase 0.5´ M17 cultures to end-exponential phase cells
   of L. lactis MG1363acmAD1 after 20 min of incubation at 30°C (see text for details).
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FIG. 1. Analysis of AcmA activity in supernatant fractions of end-exponential-phase cultures of
MG1363 containing pGK13 (1) and MG1363acmAD1 containing either pGK13, not encoding AcmA
(2), pGKAL1, encoding enzyme A3 (3), pGKAL3, encoding enzyme A2 (4), pGKAL4, encoding
enzyme A1 (5), pGKAL5, encoding enzyme A0 (6), pGKAL6, encoding enzyme A1.5 (7), or pGKAL7,
encoding enzyme A4 (8) in a renaturing SDS-12.5% PAA gel containing 0.15% M. lysodeikticus
autoclaved cells. Molecular masses (in kilodaltons, kDa) of standard proteins (lane M) are shown in the
left margin. Below the gel the lower part of lanes 5, 6, and 7 of the same gel is shown after one week of
renaturation. The right half of the figure gives a schematic representation of the various AcmA
derivatives. SS (black), signal sequence; Rx (dark grey), repeats; light grey, Thr, Ser and Asn-rich
intervening sequences (6); arrows, artificially duplicated region in the AcmA derivative containing four
repeats. The active site domain is shown in white. MW, expected molecular sizes in kDa of the secreted
forms of the AcmA derivatives. The numbers of the AcmA derivatives correspond with the lane
numbers of the gel. Numbered arrowheads indicate the putative location of proteolytic cleavage sites.
Autolysis. To analyze the effect of the repeats on autolysis during stationery phase,
overnight cultures of all strains were diluted hundred-fold and incubated at 30°C for 6 days
and the decrease of optical density (OD600) was followed. All cultures exhibited similar growth
rates, reached the same maximal optical densities and did not lyze during the exponential phase
of growth. After approximately 60 h of incubation maximal reduction in OD600 was reached in
all cases. The results are presented in Table 3 and show that the reduction in OD600 is
correlated with the reduction of the number of AcmA repeats. To investigate whether the
decrease in OD600 really reflected autolysis, the activity of the intracellular enzyme PepX was
measured. After 60 h of incubation, PepX activity in the culture medium was also maximal in
all samples, decreasing in all cases upon further incubation. Hardly any PepX activity was
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detected in the supernatant of the acmAD1 mutant and in cultures producing A0, A1, or A1.5.
In contrast, a considerable quantity of PepX had released into the supernatant of cultures
producing A2 and A3. Thus two repeats in AcmA are sufficient for autolysis of L. lactis. A2 or
A4 production led to reduced lysis of the producer cells. Taken together, these results indicate
that the repeats in AcmA function in efficient autolysis and are required for cell separation.
The active site domain of AcmA resides in the N-terminal part.
To examine whether the active site is located in the N-terminal domain of AcmA, a DNA
fragment starting at codon 58 until codon 218 of acmA was synthesized by PCR and fused to
the thioredoxin gene in plasmid pET32A. The fusion protein comprises 326 amino acids. A
protein with the expected molecular mass (35 kDa) was isolated from a culture of E. coli
BL21(DE3) (pETAcmA) (Fig. 2, lane A2). By cleavage with enterokinase, the protein was
split into a thioredoxin part of 17 kDa and an AcmA domain (nA) of 18 kDa (Fig. 2, lane A1).
The zymogram (Fig. 2B) shows that the fusion protein did not have appreciable cell wall
hydrolytic activity, while the released domain of AcmA was active (Fig. 2, lanes B1 and B2),
indicating that the active site domain was in the N-terminal part of AcmA.
FIG. 2. Purification of the AcmA
active site domain (nA). (A) SDS-
12.5% PAGE of cell extract of 10
ml of E. coli BL21(DE3)
(pETAcmA) (lane 3) induced for 4
h with IPTG. Lane 2, 10 ml of
purified fusion protein isolated
from 25 ml of induced E. coli
culture and lane 1, 10 ml of the
enterokinase cleft protein. (B)
Renaturing SDS-12.5% PAGE
with 0.15% M. lysodeikticus
autoclaved cells using the same
amount of the samples 1 and 2
shown in part A. Molecular masses
(in kilodaltons) of standard proteins
are shown on the left of the gel.
Before loading the samples were
mixed with an equal volume of 2x
sample buffer (15).
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Fusion of the repeats of AcmA to a-amylase and b-lactamase yields active enzymes.
The three C-terminal repeats of AcmA (cA) were fused C-terminally to B. licheniformis
a-amylase and E. coli TEM b-lactamase as described in Material and Methods and shown in
Fig. 3. The hybrid proteins were fused to the lactococcal signal sequences AL9 and BL1,
respectively (21). Both fusion proteins were active in plate assays, as is only shown for the b-
lactamase/AcmA fusion protein (bcA) (Fig. 4). The halo’s around colonies producing the
fusion proteins were smaller than those produced by the wild-type enzymes, which could either
be caused by reduced intrinsic enzyme activities due to the presence of repeats or by increased
susceptibility to proteolytic degradation. However, the smaller halo’s produced by the chimeric
proteins might also be caused by hampered diffusion due to cell wall binding (see below).
The activities of a-amylase and the acA fusion protein were also detected in a renaturing
SDS-12.5% PAA gel containing 1% starch. The primary translation product of the a-amylase
gene is a protein of 522 amino acid residues which contains a signal sequence of 37 amino
acids (21).
FIG. 3. Schematic representation of plasmids pGBLR and pGALR carrying, respectively, C-terminal
fusion’s of the repeats of AcmA to b-lactamase and a-amylase. a-amy, a-amylase gene of B.
licheniformis; b´-lac, b-lactamase gene of E. coli; a´cmA, 3-prime end of the N-acetylmuramidase gene
of L. lactis MG1363 encoding the three repeats; Emr and Cmr, erythromycin and chloramphenicol
resistance genes; AL9 and BL1, protein secretion signals from L. l ctis MG1363 (21); repA and ORI,
gene for the replication protein and origin of replication of the lactococcal plasmid pWV01,
respectively; Pspo2, B. subtilis phage Spo2 promoter. Black boxes indicate the PCR fragments used for
the introduction of the restriction enzyme sites EcoRV and NdeI at the position of the stopcodons of the
a-amylase and b-lactamase genes, respectively. The open box indicates the part which has been
subcloned into pUK21 for construction work. The grey boxes show the fragment of pAL01 used to fuse





activity in L. lactis.
Activity of wild-type b-
lactamase and its AcmA
fusion derivative (bcA)




or pGBLR. The 0.5´ M17
agar plate was stained with
iodine after overnight
growth of the colonies
according the protocol of
Smith et al. (29).
It is secreted as a 55-kDa protein. acA consists of 741 amino acids and, if processed and
secreted, would give rise to a 78-kDa protein. Cell and supernatant fractions of L. lactis
MG1363 and MG1363acmAD1 carrying pGAL9 or pGALR were analyzed after overnight
growth of the strains. The results are presented in Fig. 5 and show that the clearing bands are
present at the position expected for both mature proteins. Apparently, acA is ctive. Clearly,
smaller products are present in the supernatant of the cells producing the fusion protein, the
smallest being approximately of the size of wild-type, mature a-amylase (Fig. 5 and not
shown).
FIG. 5. a-amylase activity in the supernatant of L.
lactis. Activity of wild-type a-amylase (a) and the
acA fusion protein in an SDS-12.5% PAA gel
containing 1% starch. The proteins were renatured
by washing the gel with Triton X-100 and
subsequently stained with iodine (33). The
equivalent of 40 µl of supernatant of 0.5´  M17
cultures of L. lactis MG1363 (M) and
MG1363acmAD1 (D) containing pGAL9 or
pGALR were loaded onto the gel. Molecular
masses (in kDa) of standard proteins are shown in
the left margin.
The b-lactamase fusion protein is predominantly present in the cell wall.
To examine whether the presence of the C-terminal domain of AcmA resulted in binding
of bcA to the cell wall, mid-exponential phase cultures of L. lacti MG1363acmAD1
containing pGBL1, encoding b-lactamase, or pGBLR, specifying bcA, were fractionated and
subjected to Westen blot analysis (Fig. 6). From pGBL1, b-lactamase is expressed as a protein
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of 322 amino acids containing a signal sequence of 47 amino acids. The secreted protein is 30
kDa. bcA consists of 540 amino acids and is secreted as a protein with a molecular mass of 52
kDa. Figure 6 shows that most of the wild-type b- actamase is present in the culture
supernatant and none in the cytoplasm. Slightly larger bands, likely representing the
unprocessed form, are found in the membrane fraction of this strain. In contrast bcA, is
predominantly retained in the cell wall fraction, although a considerable amount resides in the
cytoplasm, strongly suggesting that the AcmA repeats anchored the hybrid enzyme to the cell
wall. The smaller band present in both cytoplasmic fractions is caused by cross hybridization of
the antibodies to an unspecified lactococcal protein (unpublished observation). In the
supernatant fraction of cells producing bcA, only little full length protein was observed.
Several distinct smaller products are present in this fraction which were also detectable in very
low amounts in the cell wall fraction after prolonged exposure of the film (not shown) but were
absent from the other fractions.
FIG. 6. Localization of b-lactamase
in L. lactis. Western blot analysis of
fractions of MG1363acmAD1
expressing b-lactamase (from
pGBL1) or bcA fusion protein
(encoded by pGBLR) using
polyclonal antibodies directed against
b-lactamase. Amount of samples
loaded is equal to 200 ml of culture.
Fractions: S, supernatant; CW, cell
wall; CY, cytoplasm; MB,
membrane-associated; and M,
membrane.
The C-terminal repeats in AcmA are required for cell wall binding.
Although the results presented in the previous section strongly suggests that the C-
terminal repeats are required for the retention of protein in the cell wall, definite proof was
obtained by mixing the supernatant fractions of end-exponential phase cultures containing
AcmA, or one of its deletion derivatives (see Fig. 1), with the cells from an equal volume of a
culture of MG1363acmAD1(pGK13). After incubation, cell and supernatant fractions were
examined for the presence of AcmA. Except for A0, all proteins were capable of binding to the
MG1363acmAD1 cells (Table 3). Also, all degradation products of AcmA and its derivatives
were capable of binding. The finding that A0 was unable to bind was corroborated by adding
the mixture of enterokinase-released nA and thioredoxin to supernatant containing A1. When
incubated with AcmA-minus cells, only A1 bound to the lactococcal cells (Fig. 7) as only this
protein was detectable in the cell fraction. nA was only detected in the supernatant. This was
also the case when the experiment was repeated with nA alone (not shown).
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FIG. 7. Analysis of the binding of AcmA derivatives nA
and A1 by a renaturing SDS-17.5% PAGE with 0.15%
M. lysodeikticus autoclaved cells. Cell (C) and
supernatant (S) fractions of MG1363acmAD1 cells
incubated with nA and A1 from the culture supernatant
of MG1363acmAD1 containing pGKAL4. 60 ml of the
samples were loaded. Molecular masses (in kDa) of
standard proteins are shown in the left margin.
To investigate the effect of repeat number on binding, equal volumes of the supernatants
of cultures of MG1363acmAD1(pGKAL3, encoding A2) and MG1363acmAD1(pGKAL4,
specifying A1) were mixed. The undiluted and a 10-fold diluted mixture were incubated with
the AcmA-free cells. Analysis of zymograms of serial dilution’s showed that the two activities
were equally distributed over the cell and supernatant fractions, indicating that both proteins
bind equally well (results not shown).
To examine whether the C-terminal repeat sequences of AcmA had the capacity to
associate a heterologous, extracellular enzyme to lactococcal cells, binding of bcA was
assessed by incubation of AcmA-minus L. lactis cells with culture supernatants containing
either secreted wild-type b-lactamase or bcA. As Fig. 8 shows, wild-type b-lactamase was
exclusively present in the supernatant fraction, whereas bcA fractionated with the lactococcal
cells and, thus, had bound to these cells.
FIG. 8. Binding of the bcA
fusion protein toL. lactis.




(lanes 1, 3, 5) and
supernatants (lanes 2, 4, 6)
of mid-exponential phase
MG1363acmAD1(pGK13)
cells incubated for 5 min
with supernatants of
MG1363acmAD1 containing
pGK13 (lanes 1, 2), pGBLR
(lanes 3, 4) or pGBL1 (lanes 5, 6), respectively. The positions of wild-type b-lactamase (b) and the bcA
fusion protein are indicated on the right. Molecular masses (in kDa) of standard proteins are shown in
the left margin. Twenty ml of samples were loaded onto an 12.5% PAA gel.
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Discussion
The results presented in this work indicate that the mature form of the N-
acetylmuramidase AcmA of L. lactis consists of two separate domains. The overproduced and
purified N-terminus, from amino acid residue 58 to 218 in the pre-protein, is active on M.
lysodeikticus cell walls and, thus, contains the active site of the enzyme. This is in agreement
with the finding that the repeat-less AcmA mutant A0 can still hydrolyze M. lysodeikticus cell
walls, albeit with severely reduced efficiency. Prolonged renaturation was needed to detect the
activity of the enzyme in vitro while colonies producing the protein did not form a halo.
Enzymes Al and A2 had in vitro activities which were nearly the same as that of the wild-type
protein, although in the plate assay Al produced a smaller halo than A2 which, in turn, was
smaller than the wild-type halo. A strain producing Al grew in longer chains than cells
expressing A2 and, in contrast to A2 producing cells, sedimented and did not autolyze. Taken
together these results indicate that, although the N-terminus of AcmA contains the active site,
the presence of at least one complete repeat is needed for the enzyme to retain appreciable
activity. Second, only cultures producing AcmA’s containing two or more full length repeats
are subject to autolysis and produce wild-type chain lengths. It is tempting to speculate that
this apparent increase in catalytic efficiency of AcmA is caused by the repeat domain by
allowing the enzyme to bind to its substrate, the peptidoglycan of the cell wall. As was
postulated by Knowles et al. (12) for the cellulase binding domains in cellobiohydrolases, such
binding would increase the local concentration of the enzyme. The repeats could be involved in
binding alone or could be important for proper positioning of the catalytic domain towards its
substrate. The increase in AcmA activity with an increasing number of repeats to up to 3 in the
wild-type enzyme, suggests an evolutionary process of repeat amplification to reach an
optimum for proper enzyme functioning. The binding of Al, Al.5, and A4 was comparable with
that of wild-type AcmA but these enzyme varieties caused no or only little autolysis. These
observations seem to support the idea that 3 repeats are optimal for proper functioning of
AcmA. The presence of 5 and 6 repeats in the very similar enzymes of E. faecalis and E. hirae,
respectively, may reflect slight differences in cell wall structure and/or the catalytic domain,
requiring the recruitment by these autolysins of extra repeats for optimal enzyme activity.
The hypothesis that the C-terminal domain of AcmA is involved in cell binding (6) was
corroborated in this study. First of all we show that AcmA is indeed capable of cell binding.
AcmA and its derivatives Al, Al.5, A2, and A4 all bound to cells of L. lacti  when added from
the outside. To prove that it was the C-terminus of AcmA that facilitated binding and not some
intrinsic cell wall binding capacity of the N-terminal domain, the repeat domain was fused to
two heterologous proteins which do not normally associate with the cell wall. The smaller
halo’s produced by acA and bcA compared to the wild-type proteins and the presence of most




The bcA binding studies clearly show that it is the AcmA repeat domain that specifies
cell wall binding capacity: whereas wild-type b-lactamase (and, for that matter, repeat-less
AcmA) did not bind to lactococcal cells, bcA did bind to these cells when added from the
outside. The results obtained with Al in the binding assay show that only one repeat is
sufficient to allow efficient binding of AcmA. In a separate study (5) we showed that AcmA
can operate intercellularly: AcmA-free lactococcal cells can be lyzed when grown together
with cells producing AcmA. Combining this observation with the results presented above
allows to conclude that AcmA does not only bind when confronting a cell from the outside but,
indeed, is capable of hydrolyzing the cell wall with concomitant lysis of the cell.
AcmA-like repeats were found to be present at different locations in 32 proteins after a
comparison of the amino acid sequences of the repeats in AcmA with the protein sequences of
the Genbank database (release 23). Not all of these proteins with repeats varying from one to
six are cell wall hydrolases. Alignment of the amino acid sequences of all the repeats yielded a
consensus sequence similar to that postulated by Birkeland and Hourdou et al. (4, 9).
Interestingly, if a limited number of modifications are allowed in the consensus repeat, the
repeat is also present 12 and 4 times, respectively, in two proteins of Caenorhabditis elegans,
which both show homology with endochitinases (Gene accession numbers U70858 and
U64836) (36). Possible these repeats anchor these enzymes to fungi ingested by this organism.
The presence of similar repeats in proteins of different bacterial species strongly suggests that
they recognize and bind to a general unit of the peptidoglycan. An interesting goal for the
future will be to elucidate the unit to which they bind and the nature of the binding.
As has been reported earlier for intact AcmA (5), and, as we show here for its C-terminal
deletion derivatives, the enzyme is subject to proteolytic degradation. None of the degradation
products were present in cell extracts of whole cells indicating that they are not formed inside
the cell (data not shown). The degradation pattern of each AcmA derivative is specific and
very reproducible. Based on the sizes of the degradation products, a number of the proteolytic
cleavage sites probably resides in the intervening sequences. One such site (1 in Fig. 1) is
present between repeat 1 and 2. Cleavage at this position would result in an active protein of
approximately 28 kDa, which is indeed seen in the supernatants of all strains producing AcmA
with 1.5 or more repeats. A second cleavage site is probably located between the second and
third repeat (2 in Fig. 1). Cleavage at this site is either rather infrequent, or the resulting
degradation product is not very active, which, in both cases, would lead to the faint bands of
activity observed in lanes 1 and 3 of the zymogram presented in Fig. 1. The presence of
cleavage sites in between the AcmA repeats is further suggested by the presence of specific
degradation products observed in acA a d bcA; their sizes are in accord with the location of
the cleavage sites postulated in AcmA. In addition, as also bands of the size of the wild-type a-
amylase and b-lactamase are observed, an additional cleavage site seems to be present around
the fusion point of these enzymes and the cell wall binding domain of AcmA.
All degradation products of AcmA and those of the two fusion proteins are mainly
present in the supernatant and to some extent in the cell wall fraction, but not in the cells. As
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none of the L. lactis trains used produced the cell wall-anchored proteinase PrtP, this enzyme
can not be held responsible for the specific degradation of AcmA or the fusion proteins.
Apparently, an extracellular proteinase exists in L. lac is that is capable of removing the
repeats, which may represent a mechanism for the regulation of AcmA activity.
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Autolysis of Lactococcus lactis is influenced by proteolysis
Summary
The autolysin AcmA of Lactococcus lactis was shown to be degraded by the
extracellular lactococcal proteinase PrtP. Autolysis, as evidenced by reduction in
optical density of a stationary phase culture and concomitant release of
intracellular proteins, was greatly reduced when L. lactis MG1363 cells expressed
the cell wall-anchored lactococcal proteinase PrtP of the PI-type caseinolytic
specificity (PI). Lactococcal cells which do not produce the proteinase show a
high level of autolysis, which was also observed when the cells produced the
secreted form of PI or a cell wall-anchored proteinase with PIII-type specificity.
Autolysis was increased when MG1363 expressed the cell wall-anchored hybrid
PI/PIII-type proteinase PIac. Zymographic analysis of AcmA activity during
stationary phase showed that AcmA was quickly degraded by PI and much slower
by PrtP proteinases with PIII and intermediate specificity’s. Autolysis of L. lacti
by AcmA is influenced by the specificity, amount and location of the lactococcal
proteinase. No autolysis was observed when the various proteinases were
expressed in an L. lactis acmA deletion mutant, indicating that PrtP itself does not
cause lysis of cells. The chain length of a strain was significantly shortened when it
expressed a cell wall-anchored active proteinase.
Introduction
Lactococcus lactis, l ke many other lactic acid bacteria, is a multiple amino acid
auxotroph (8). For growth in milk, in which the concentrations of free amino acids and
peptides are very low, these bacteria depend on an active proteolytic system which allows the
degradation and release of amino acids from milk proteins (aS1-, b-, a dk-casein). The initial
step in degradation is carried out by the extracellular cell wall-bound proteinase PrtP. The
extreme C-terminus of this protein contains the typical LPXTG motif of Gram-positive cell
surface proteins. After cleavage between the threonine and the glycine residues such proteins
are covalently bound to the cross-bridge in the peptidoglycan (25). The gene encoding PrtP
has been cloned and sequenced from several L. lactis strains. Although the deduced amino
acid sequences are over 98% identical, the proteolytic specificity of the proteinases towards
milk caseins can be quite different. The lactococcal proteinases have initially been divided into
two major classes on the basis of their caseinolytic specificity’s: PIII-type proteins (PIII)
degrade a-, b-, and k-casein while the PI-type proteinases (PI) mainly degrade b-casein but
with a specificity different from the PIII enzymes (32). By reciprocal exchange of DNA
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fragments of the genes for PI of L. lactis Wg2 and PIII of strain SK11 regions in the proteins
determining cleavage specificity were identified and enzymes with new proteolytic properties
were obtained (33). The proteinases of 16 different L. lactis strains have recently been
classified into seven groups by examining their degradation of fragment f1-23 of S1-casein
(12).
Many different oligopeptides ranging in size from 4 to up to 30 amino acid residues are
formed after breakdown of b-casein by PI while it does not liberate significant amounts of free
amino acids, di- and tripeptides (16). Oligopeptides released by PrtP are transported into the
cells and are further degraded to amino acids by a number of different peptidases (18). Thus,
the proteolytic system provides L. lactis with essential amino acids. Moreover, the liberated
amino acids and small peptides are (precursors of) cheese flavor. As cheese flavor is correlated
with the concentration of free amino acids (1), the action of peptidases is believed to be
important during cheese ripening. All lactococcal peptidases studied so far are intracellular
enzymes (18). Peptidases are released into the cheese matrix as a result of (auto)lysis of cells,
as has now been shown by several researchers (7, 9, 10). The amount of peptidases released is
strain dependent and a correlation exists between the degree of lysis and the extent to which
amino acids and small peptides are liberated.
Several observations indicate that processes in which autolysins take part are influenced
by proteolysis. Competence, cell separation and motility in Bacillus subtilis all involve cell
wall hydrolase activities and were shown to be sensitive to extracellular proteinases (2, 36). A
multiple proteinase-deficient strain of B. subtilis had a higher rate of turnover of peptidoglycan
than proteinase proficient strains (15). Growth of the proteinase-deficient strain in the
presence of subtilisin resulted in reduced peptidoglycan turnover and filament formation.
Proteinase hyperproducing strains showed an even more diminished turnover and formed
filaments. Addition of a proteinase inhibitor to cultures of these strains resulted in an increase
in peptidoglycan turnover. Salt-induced lysis of exponential phase cells of Staphylococcus
aureus was inhibited by a brief pre-treatment with subtilisin. Analysis of cell wall-lytic enzymes
by renaturing SDS-PAGE revealed that all lytic bands had disappeared after incubation with
the proteinase (35). Lysis of Streptococcus pneumoniae i duced by the addition of D-
cycloserine or benzylpenicillin is inhibited by addition of trypsin to the growth medium (22).
The major autolysin AcmA of L. lactis is responsible for cell separation and for autolysis
during the stationary phase of growth (5, 6). In a previous study on AcmA we observed that
the C-terminal repeats of AcmA are removed by an unknown proteolytic activity (4), without
affecting the enzyme activity. Haandrikman et al. (14) reported that the major secreted protein
Usp45 of L. lactis MG1363 was absent in a culture of cells expressing the PI proteinase of
strain Wg2, suggesting that this enzyme not only hydrolyses caseins but is also able to degrade
secreted proteins. In this paper we show that AcmA is degraded by PrtP and that the rate and





Bacterial strains, plasmids, and growth conditions. The strains and plasmids used in this study
are listed in Table 1. Lactococcus lactis was grown in M17 broth (Difco Laboratories, Detroit, Mich.)
or whey-based medium (11) at 30°C as standing cultures. Two-fold diluted M17 (0.5× M17) agar
plates contained 1.5% agar and 0.95% b-glycerophosphate (Sigma Chemical Co., St. Louis, Mo.). In
all cases 0.5% glucose and 5 mg/ml of erythromycin (Boehringer GmbH, Mannheim, Germany) were
added.
General DNA techniques and transformation. Plasmid DNA was isolated using the QIAGEN
plasmid DNA isolation kit and protocol (QIAGEN GmbH, Hilden, Germany), or by the alkaline lysis
method as described by Sambrook et al. (27), with modifications suggested by Seegers et al. (29).
Electrotransformation of L. lactis was performed by using a Gene Pulser (Bio-Rad Laboratories,
Richmond, Calif.), as described by Leenhouts and Venema (21). All chemicals were of analytical grade
and were from Merck (Darmstadt, Germany) or BDH (Poole, United Kingdom).
TABLE 1. Bacterial strains and plasmids used in this studya).
Strain or plasmid Relevant phenotype or genotype Reference
Strains














Emr, Cmr, pWV01-based lactococcal cloning vector
Emr, pWV01 derivative specifying secreted form of PI proteinase of L. lacti Wg2 (sPI)
Emr, specifying cell wall-anchored proteinase of L. lactis Wg2 (aPI)
Emr, pGKV552 specifying Asp30-Asn30 proteinase mutant (aPI*)
Emr, specifying hybrid PI(Wg2)-PIII(SK11) proteinase (aPIabc)







a) Cmr, chloramphenicol resistance; Emr, erythromycin resistance.
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and detection of AcmA activity. Five
ml of whey cultures or two ml of M17 cultures were subjected to centrifugation. Five ml of the whey
supernatants and 0.5 ml of the M17 supernatants were dialyzed against several changes of
demineralized water, lyophilized, and dissolved in 1 ml and 0.25 ml of denaturation buffer (3),
respectively. The cell pellets were washed with 1 ml of corresponding fresh medium and resuspended in
1 ml of denaturation buffer. Cell extracts were prepared as described by Van de Guchte et al. (31).
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AcmA activity was assayed by a zymogram staining technique previously described (6). SDS-
12.5% PAGE was carried out according to Laemmli (20) with the Protean II Minigel System (Bio-
Rad). The prestained high range molecular weight marker (Bio-Rad) and the high range SDS-PAGE
rainbowTM coloured protein molecular weight marker of Amersham (Amerham Life Science Inc.,
Buckinghamshire, UK) were used as protein size references. SDS-PAA gels were stained with
Coomassie brilliant blue (Bio-Rad).
Optical density measurements and enzyme assay’s. Overnight cultures of L. lactis in M17
were diluted 100-fold in prewarmed M17 and the optical densities at 600 nm were followed in time
using a Novaspec II spectrophotometer (Pharmacia Biotech AB, Uppsala, Sweden).
The presence of intracellular X-prolyl dipeptidyl aminopeptidase (PepX) in culture supernatants
was measured using the chromogenic substrate Ala-Pro-p-nitro nilid (BACHEM Feinchemicalien AG,
Bubendorf, Switserland) as described before (4).
Proteinase activity was determined using the chromogenic peptide (MeO-Suc-Arg-Pro-Tyr-pNA;
Chromogenix AB, Mölndal, Sweden) as described by Mierau et al. (24).
Results
AcmA is degraded by PrtP.
To examine the possible degradation of AcmA by the lactococcal proteinase PrtP
Lactococcus lactis MG1363(pGK13), a PrtP-negative strain (P-) d two proteinase
producing strains were grown overnight in whey-based medium. L. lactis MG1363
(pGKV552) expresses the PI-type PrtP (19). The full-length protein (aPI) is anchored to the
cell by a C-terminal cell wall-anchor sequence (14). The proteinase produced by MG1363
(pGKV500) lacks this anchor and PI, consequently, is secreted into the growth medium (sPI).
As expected, proteinase activity was absent in the cell extract (CE) and supernatant of
MG1363 (P-) while all sPI activity was present in the supernatant. Most of the proteinase
activity of MG1363 expressing aPI [MG1363 (aPI)] fractionated with the cells (results not
shown). These activity measurements were corroborated by SDS-12.5% PAGE. Analysis of
CE’s and supernatant samples of the three strains showed that PrtP is present in high amounts
in the supernatant of MG1363 (sPI) while a lower amount is seen in the supernatant of
MG1363 (aPI). In the latter most of the proteinase is detected in the CE (Fig. 1A). The major
secreted lactococcal protein Usp45 (30) is clearly present in the supernatant of MG1363 (P-)
while it is absent in these fractions of the proteinase producers. When samples were run on an
SDS-PAA gel containing Micrococcus lysodeikticus autoclaved cells, AcmA activity was
detected in the CE’s of all cultures (Fig. 1B). A band of cell wall hydrolytic activity
corresponding to mature AcmA (40-kDa) is present in the supernatant of MG1363 (P-), but
not in the supernatants of the sPI and aPI producing cultures. One of the degradation products
of AcmA (6), present in the supernatant of MG1363 (P-), is also present in the supernatant of




FIG. 1. (A) Protein profiles of cell (c) and supernatant (s) fractions of L. lacti MG1363 containing
pGK13 (P-), pGKV500 (sPI), or pGKV552(aPI) in an SDS-12.5% PAA gel stained with Coomassie
brilliant blue. PrtP, lactococcal proteinase; Usp45, secreted protein of unknown function (30).
(B) Analysis of AcmA activity in the samples used in (A) by renaturing SDS-12.5% PAGE in the
presence of 0.15% M. lysodeikticus autoclaved cells. AcmA, N-acetylmuramidase of L. lactis;
arrowhead, major degradation product of AcmA (6). Molecular masses (in kilodaltons, kDa) of
standard proteins for both gels are shown in the left margin. Five ic oliters of each sample was loaded
onto the gels.
Autolysis of various proteinase-producing strains of L. lactis.
To investigate the influence of AcmA degradation on autolysis of L. lacti, the optical
densities at 600 nm and release of the intracellular proteins were followed in time. The strains
used in this experiment were MG1363 (AcmA+) and MG1363acmAD1 (AcmA-) which carried
either of the following plasmids: pGK13 (negative control), pGKV500 (producing sPI),
pGKV552 (specifying aPI) and pGKV1552 (encoding an inactive form of PI, aPI*). Plasmids
pGKV552ac and pGKV552abc specify hybrid proteinases (aPIac and aPIabc, respectively) in
which the regions a plus c and a, b plus c in PI have been replaced by the corresponding
domains of the PIII-type proteinase of L. lactis SK11. The hybrid proteins specified by
pGKV552abc is endowed with a proteinase with PIII-type specificity, whereas the hybrid
protein specified by pGKV552ac specifies a proteinase with a specificity intermediate between
that of a PI and a PIII-type specificity (33). As MG1363 (P-) grows to a lower OD600 in whey














































FIG. 2. A. Growth and lysis by optical density measurement at 600 nm of cultures of L. la tis
MG1363 containing pGK13 (P-, ´ ), pGKV500 (sPI, *), pGKV1552 (aPI*, o), pGKV552 (aPI, ),
pGKV552abc (aPIabc, D), pGKV552ac (aPIac, ~).L. lactis MG1363acmAD1 containing either of
these plasmids exhibited very similar growth curves of which only one, MG1363acmAD1 (pGK13), is
shown (). The strains were examined during three days of incubation at 30°C. Lettered arrowheads
indicate the time points at which samples were taken from the cultures for analysis of AcmA activity
(Fig. 3) and protein release (Fig. 2B and not shown). B. Analysis of PepX activity (in arbitrary units,




Overnight cultures of the stains were diluted 100-fold in fresh M17 and the optical
densities at 600 nm and release of the intracellular X-prolyl-dipeptidyl-aminopeptidase (PepX)
of various strains were followed in time. All strains grew equally well except for L. lactis
MG1363 (aPI). This strain reached approximately the same maximum OD600 but grew
somewhat slower. Nearly no reduction in OD600 during the stationary phase of growth was
observed for any of the MG1363acmAD1 mutants, irrespective of which proteinase was
produced, and for MG1363 (aPI). Reduction in OD600 was highest for MG1363 expressing
the hybrid proteinase aPIac or the inactive proteinase aPI* (F g. 2A). An intermediate
reduction in OD600  was observed with the cultures of MG1363 producing no proteinase, sPI
or aPIabc.
Release of PepX activity was in full agreement with the above results (Fig. 2B): the
higher the reduction in OD600, the more PepX activity was detectable in the culture
supernatant.
Release of intracellular proteins was also examined by SDS-12.5% PAGE analysis of
supernatant samples of the various MG1363 cultures taken at the end of the exponential
growth phase, and after 1 and 3 days of incubation at 30°C (see Fig. 2A). Coomassie brilliant
blue staining (results not shown) of supernatant fractions of all strains except MG1363 (aPI)
revealed a protein banding pattern typical for that of intracellular proteins of L. lactis (5).
Hardly any protein was visible in the supernatants of MG1363 (aPI). The highest amount of
protein was detected in the supernatant of the 3-day samples of MG1363 (aPI*) and MG1363
(aPIac). No band was detected at the position of lactococcal PrtP while in all samples a band
corresponding to Usp45 was present, indicating that, as expected, only little PrtP is formed in
M17 medium (23). This amount of activity was still detectable by an enzymatic assay using the
chromogenic peptide substrate (not shown).
Apparently, when the protein remains attached to the cell wall, autolysis is strongly
influenced by the type-specificity of the proteinase: in case this concerns a PI-type specificity,
autolysis is strongly reduced, whereas when an intermediate-type proteinase is involved,
autolysis is maximal.
Proteinase specificity is an important parameter in AcmA degradation.
To examine whether proteinase specificity is important for AcmA degradation, we
analyzed the pattern of active degradation products of AcmA. To this purpose samples taken
from all MG1363 cultures at the end of the exponential growth phase and after 1 and 3 days of
incubation at 30°C (see Fig. 2A) were examined by zymographic analysis. Fig. 3 shows that
the banding pattern of extracellular AcmA activity of MG1363 (pGK13; P-) and of cells
producing aPI* are very similar. Analysis of the supernatants of the other cultures shows that
AcmA is degraded to various degrees during the 3-day incubation. In the supernatant of
MG1363 (aPI) degradation of AcmA is already clearly observed at the end of the exponential
growth phase. Degradation proceeds much slower in supernatant fractions of MG1363
producing aPIabc or aPIac.
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FIG. 3. Zymographic analysis of AcmA activity. Each lane contains 10 ml of the supernatant of an
MG1363 culture producing the indicated proteinase sampled at the time points A, B, and C shown in
Fig. 2A. Molecular masses (in kDa) of standard proteins are shown in the left margin.
In CE’s of all strains except one (data not shown), similar amounts of both the
unprocessed (46.1 kDa) and the mature form (40.3 kDa) of AcmA are present in the three
time samples. Only in MG1363 (aPI) were the amounts of both forms of AcmA significantly
lower at day 1 and 3. A band of activity of one of the major degradation products of AcmA
was clearly present in all three CE’s of MG1363 producing aPI and in the CE of the strain
secreting sPI sampled at day 3 (not shown). These results indicate that degradation of AcmA
is influenced by the specificity of the proteinase PrtP.
The proteinase PrtP is involved in cell separation.
In the cause of the experiments described above, a difference in sedimentation was
observed of MG1363acmAD1 strains producing the various proteinases. In contrast to
MG1363 (AcmA+), the mutant MG1363acmAD1 grows in extremely long chains and
sediments during overnight growth (6). Sedimentation of cells was also observed in overnight
cultures of MG1363acmAD1 producing aPI* or sPI. This phenomenon was not seen with
MG1363acmAD1 expressing an active cell wall-anchored proteinase aPI, aPIabc or aPIac. No
sedimentation occurred in cultures of L. lactis MG1363 expressing either of these proteinases.
Light microscopic analysis showed that the average length of the chains of all MG1363 strains
was the same [Fig. 4; only shown for MG1363 (P-)]. As shown in Fig. 4, the length of the
chains of MG1363acmAD1 is hardly influenced by the presence of an inactive cell anchored
proteinase [compare strains MG1363acmAD1 (P-) and MG1363acmAD1 (aPI*)].
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FIG. 4. Light microscopic analysis of the chain lengths in overnight M17 cultures of MG1363 (P-),




In the presence of the secreted, not cell-anchored form (sPI) the average chain length becomes
only slightly shorter. However, the chains were found to be significantly shorter when cells
produced an active proteinase that remains bound to the cell wall. The shortest chains
(containing mainly two cells) were detected when MG1363acmAD1 expressed a hybrid
anchored proteinase [aPIabc (Fig. 4) or aPIac (not shown)]. In fact, the average chain length
in these cultures was very similar to that of MG1363 (Prt-AcmA+). These results were highly
reproducible and the same effects were observed when the various strains were grown in
whey-based medium.
Discussion
The results presented in this work show that the autolysin AcmA of L. lactis is subject
to degradation by the lactococcal proteinase (caseinase) PrtP. AcmA activity, which is
normally present in the supernatant of a culture of L. lactis MG1363 grown on whey-based
medium, was completely absent in the supernatant of a strain secreting proteinase sPI. One
specific degradation product of AcmA was present in the supernatants of MG1363 (P-) and
MG1363 producing the cell wall-anchored proteinase aPI. This truncated form of AcmA is
formed through cleavage of the C-terminal cell wall binding domain by an as yet unidentified
proteinase activity in L. lactis. The protein is still active but, depending on the exact position
of the cleavage site, may suffer from reduced cell binding capacity (4). Reduced binding may
explain the presence of this protein in the supernatant of MG1363 (aPI) as, there, it would
escape from degradation by the anchored proteinase aPI. The extent of  degradation of AcmA
by sPI or aPI is much less when the strains were grown in M17 (compare Figures 1 and 3).
This is due to lower expression of PrtP in this medium compared to whey permeate: the PrtP
protein was detected in the supernatant fraction of the whey cultures by SDS-PAGE while it
was not visible in this fraction of M17 cultures [(33) and data not shown]. Also, Usp45 was
still present in the M17 culture media while it had been degraded by the proteinase producing
whey cultures.
The inactive mutant aPI* does not degrade AcmA, neither when AcmA is present in the
cell walls (not shown) nor when secreted in the culture medium (Fig. 3). Zymographic analysis
of AcmA activity, followed in time, in the supernatants of M17 cultures of MG1363
expressing different types of proteinases shows that AcmA degradation is highest when the
cells express a PI-type proteinase. AcmA hydrolysis was significantly lowered when a hybrid
proteinase was expressed (aPIabc or aPIac) with a caseinolytic specificity different from PI.
The mature form of AcmA, which is normally located in the cell wall of L. lactis (6), is present
in undiminished amounts in all time samples in the cell walls of strains producing no PrtP, sPI,
aPI*, or the two hybrid proteinases (results not shown). As AcmA is a good substrate for sPI
and is fully degraded by the proteinase once the protein is released in the medium (Fig. 3), we
assume that sPI has no access to the cell wall-located autolysin. When MG1363 expressed
aPI, the amount of AcmA activity on the cells gradually decreased in time (not shown). While
Chapter 4
88
mature AcmA was still present on the cells at day three, it was not detectable in the
supernatant of these cells. It may be that AcmA, due to conformational changes, is inaccessible
for PrtP when the autolysin is bound to its substrate. After hydrolysis of peptidoglycan, AcmA
would release and be subject to degradation by PrtP. Such a phenomenon has been described
for partially purified glucosaminidase of B. subtilis. This enzyme preparation was instable due
to the action of contaminating proteinases. Addition of purified cell walls of B. subtilis
resulted in partial resistance to proteolytic attack (26). Trypsin and a-chymotrypsin
degradation of the pneumococcal LytA amidase and CPL1 lysozyme could be slowed down by
the addition of choline, which induces a conformational change in these choline-dependent
enzymes. Accordingly, the choline-independent CPL7 lysozyme was not protected by addition
of this agent (28).
Due to AcmA degradation autolysis is nearly absent in cells expressing a PI-type
anchored proteinase. Although the OD600 reduction did not reveal lysis, PepX and protein
release in time from MG1363 (aPI) were evident. Detachment of the proteinase from the cell
wall by removal of the cell wall anchor sequence (sPI) resulted in an extent of autolysis similar
to the PrtP-negative strain MG1363. As AcmA in the supernatant of cells producing sPI is
actively degraded, we presume that it is the cell wall-located autolysin that is involved in cell
lysis. As detailed above, this fraction of AcmA is not affected by sPI. We expected autolysis of
the aPI* producing strain to be the same as a PrtP-negative strain. The amounts of AcmA in
the supernatant and on cells of MG1363 (aPI*) were the same as those in MG1363 (P-).
Nevertheless, a higher level of cell lysis was observed with MG1363 (aPI*). This observation
suggests that anchoring to the cell walls of PrtP destabilizes the cells in an as yet unknown
way. The anchored hybrid proteinase aPIac also effectuates increased lysis of producing cells,
while aPIabc has no effect on autolysis, when compared with MG1363 (P-). At this moment it
is not clear what causes the difference in autolytic behaviour of the two strains. The AcmA
degradation patterns of CE’s (not shown) and supernatants are very similar. The enzymes
aPIabc and aPIac differ in only 9 out of 1902 amino acid residues. These residues are located
in a domain in PrtP which has previously been found to be of minor importance with respect to
specificity of casein degradation (33), but may influence cell wall stability once the proteinase
is anchored to the cells. When aPIac was expressed in an acmA deletion mutant this strain did
not autolyze and, thus, the proteinase is not itself involved in degradation of the cell wall to an
extent that cell lysis would occur.
The average chain length of MG1363acmAD1 expressing either of the hybrid proteinases
aPIac or aPIabc was shorter than that of the same strain expressing aPI, and nearly identical to
that of MG1363. It is possible that cell wall proteins are degraded by the proteinases thus,
possibly, destabilizing the cell wall. This supposition seems to be strengthened by the
observation that expression of the secreted form of PI (sPI) by MG1363acmAD1 does not
result in such a drastic shortening of the average chain length.
In the light of the results obtained here it is interesting to discuss the results of two
groups that studied autolysis of L. lactis in cheese (7, 34). In three of the strains used in these
studies, namely L. lactis AM2, HP and NCDO763, we have identified acmA and its gene
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product. AcmA was produced by all three strains in amounts comparable to that produced by
MG1363 and the degradation pattern of the enzyme in the four strains was very similar
(unpublished data). Chapot-Chartier et al. (7) have shown lysis of strain AM2 in Saint-Paulin
cheeses and release of peptidases in the cheese matrix. Strain AM2 expresses a proteinase with
a specificity on casein identical to that of SK11 (PIII) (12). Lysis and peptidase release in
cheese could not be detected with cells of NCDO763, a strain which produces a proteinase
with a specificity close to that of a PI-type proteinase. Wilkinson t al. (34) also reported a
high level of release during Cheddar cheese making of intracellular proteins from strain AM2.
Little release was observed from HP, a strain which expresses PrtP with a PI-type specificity.
Although in these studies the genetic background was different and lysis may have been
influenced by other factors, such as the presence of prophages, they do fit nicely with the main
conclusion of this paper, namely that L. lactis expressing a PI-type cell wall-anchored PrtP
proteinase (caseinase) lyses to a lesser extent than cells expressing a PIII-type proteinase.
Future work will focus on expressing proteinases with various specificity’s in an isogenic
background in a food grade way to study the effects on autolysis in a cheese environment.
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Autolysis of Lactococcus Lactis caused by induced overproduction
of its major autolysin, AcmA
Summary
The optical density of a culture of Lact coccus lactis MG1363 was reduced more
than 60% during prolonged stationary phase. Reduction in optical density
(autolysis) was almost absent in a culture of an isogenic mutant containing a
deletion in the major autolysin gene, acmA. An acmA mutant carrying multiple
copies of a plasmid encoding AcmA lysed to a greater extent than the wild-type
strain did. Intercellular action of AcmA was shown by mixing end-exponential-
phase cultures of an acmA deletion mutant and a tripeptidase (pepT) deletion
mutant. PepT, produced by the acmA mutant, was detected in the supernatant of
the mixed culture, but no PepT was present in the culture supernatant of the acmA
mutant. A plasmid was constructed in which acmA, lacking its own promoter, was
placed downstream of the inducible promoter/operator region of the temperate
lactococcal bacteriophage r1t. After mitomycin induction of an exponential-phase
culture of L. lactis LL302 carrying this plasmid, the cells became subject to
autolysis, resulting in the release of intracellular proteins.
Introduction
The action of some of the bacterial peptidoglycan hydrolases (proteins degrading the
peptidoglycan of bacterial cell walls) can result in cell lysis (30). Therefore, the potentially
lethal enzymes causing this phenomenon can be referred to as autolysins. In the only paper to
date on the genetics of autolysis of Lactococcus lactis, we have described the cloning of the
major autolysin gene, acmA, of L. lactis subsp. cremoris MG1363 (3). AcmA is a lysozyme-
like enzyme (muramidase) that hydrolyzes the N-acetylmuramyl-1,4,-ß-N-acetylglucosamine
bonds in the peptidoglycan.
Autolysis and the subsequent release of intracellular substances from the cells of a
number of lactococcal strains have been shown during growth in liquid media (2, 17, 28, 29,
44) as well as during cheese production (5-7, 18, 46). Various factors such as pH,
temperature, carbon source, and salt-concentration appear to be important for the autolytic
process. The degree of autolysis is strain dependent, and the process starts after exponential
growth has ceased.
The proteolytic activities of lactococci are involved in ripening and in flavor
development in fermented milk products, such as cheese (27, 45). Lactococci contain more
than 10 different intracellular peptidases (14) whose action leads to the production of small
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peptides and free amino acids which are flavors and flavor precursors. The degree and rate of
release of these peptidases into the cheese matrix after lysis of the cells is of great importance
for cheese maturation and flavor development (5, 7, 45, 46). Cheese maturation is a slow and
therefore costly process and may be accelerated by enhanced lysis of cells with concomitant
quick release of intracellular peptidases.
In a first attempt to construct starters with enhanced autolytic properties, Feirtag and
McKay (11) mutagenised L. lactis C2 and obtained thermolytic variants which lysed at 38 to
40°C but grew normally at 32°C. Lysis was evidenced by the reduction in optical density of
the culture and by the release of the intracellular enzyme phospho-b-galact idase. Shearman
et al. (35) have constructed a lactococcal strain containing the ØvML3 lysin gene under the
control of its own promoter. After growth in milk at 30°C and subsequent storage at 12°C, he
number of viable cells dropped to zero within 28 days, whereas the control strain still
contained more than 106 viable cells per ml. Apparently, the lysin caused enhanced lysis of
lactococcal cells, although this was not documented by showing a release of intracellular
components.
In this study, we proved that AcmA is an autolysin involved in stationary-phase lysis of
L. lactis and used this information to construct a system for L. lactis with which enhanced
autolysis and release of intracellular proteins was obtained. This system is based on the
recently characterized promoter/operator region of the temperate lactococcal bacteriophage
r1t (25, 43).
Materials and Methods
Bacteria, plasmids, and growth conditions. The trains and plasmids used in this study are
listed in Table 1. L. lactis was grown at 30°C in 0.5´ M17 broth (Difco, West Molesey, United
Kingdom) containing 1.9 % b-glycerophosphate (Sigma Chemical Co., St. Louis, Mo.), or in M17
when indicated. M17 agar plates contained 1.5% agar. All of these media were supplemented with
0.5% glucose. When needed, 5 mg of erythromycin (Boehringer GmbH, Mannheim, Germany) per ml
was added. Escherichia coli was grown in TY (Difco Laboratories, Detroit, Mich.) medium at 37°C
with vigorous agitation or on TY agar plates containing 1.5% agar. Ampicillin (Sigma) and
erythromycin were used at final concentrations of 100 mg/ml.
General DNA techniques and transformation. Molecular cloning techniques were performed
essentially as described by Sambrook et al. (31). Restriction enzymes, Klenow enzyme, T4 DNA
polymerase and T4 DNA ligase were obtained from Boehringer and used as specified by the supplier.
Deoxynucleotides were obtained from Pharmacia LKB Biotechnology AB, Uppsala, Sweden. E. coli
and L. lactis were transformed by electroporation with a gene pulser (Bio-Rad Laboratories, Richmond,
Calif.), as described by Zabarovsky and Winberg (47) and Leenhouts and Venema (20), respectively.
Plasmid DNA was isolated from E. coli and L. lactis by the method of Birnboim and Doly, with minor
modifications for L. lactis (34).
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TABLE 1. Bacterial strains and plasmids used in this study.
Strain or plasmid Relevant phenotype or genotype Source or
reference
Strains
L. lactis subsp. cremoris
   MG1363
   MG1363acmAD1
   MG1363pepT
   LL302
E. coli
   NM522
   MC1000
Plasmid-free strain
MG1363 derivative carrying a deletion in the acmA gene
MG1363 derivative containing deletion in the pepT gene
MG1363 carrying the pWV01 repA gene on the chromosome
supE thi (lac-proAB) hsd5 (rK
- mK
-)[F' proAB lacIqZDM15]








   pAL01
   pAL08
   pAL10
   pAL11
   pAL12
   pIR12
   pEF+
   pIR12EF
   pIR1EF
   pGK13
   pGKAL1
   pGKAL2
Apr, pUC19 containing 4,137-bp lactococcal chromosomal DNA
insert carrying the acmA gene
Apr, pAL01 with SmaI-EcoRI deletion
Apr, pAL08 containing 2,716-bp SacI fragment of ORF1 of the srfA
operon of B. subtilis
Emr, pIR1EF containing 4,520-bp ScaI-BamHI fragment of pAL10
Emr, pIR12 containing acmA under control of the regulatory region
of phage r1t
Emr, pWV01 derivative carrying the regulatory region of phage r1t
Apr, SK+ containing a 1,740-bp EcoRI fragment of phage r1t
Emr, pIR12 containing a 1,785-bp SalI-BamHI fragment of pEF+
Emr, pIR12EF in which SacI site was removed
Emr Cmr, pWV01-based lactococcal plasmid
Emr Cmr, pGK13 containing 1,942-bp SspI-BamHI fragment of
pAL01














Primer extension analysis. RNA was isolated as previously described (39) from an
exponentially growing L. lactis culture at an optical density at 600 nm (OD600) of 0.5. Oligonucleotide
pALA-26 (5’-CGCCAGCAAATTTTGTGGCTGGTTTATAAAAAGCGAGTGG), synthesized with a
381A DNA synthesizer (Applied Biosystems Inc., Foster City, Calif.), was used for primer extension
reactions. Nucleotide sequence reactions were done on plasmid pAL01 by the dideoxy chain termination
method (33) with the T7 sequencing kit and protocol (Pharmacia). A 25-ng portion of primer was
added to 3.5 mg of RNA in a reaction mixture containing dCTP, dGTP, dTTP, and [a-S35]dATP, and
cDNA was synthesized with avian myeloblastosis virus reverse transcriptase (Boehringer). After 10
min of incubation at 42°C, an excess of cold dATP was added, and incubation was continued for
another 10 min at 42°C. The products were analyzed on a 6% polyacrylamide (PAA) sequencing gel.
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Plasmid constructions. Plasmids pGKAL1 and pGKAL2 (Fig. 1) were constructed by
subcloning of the 1,943-bp SspI-BamHI or the 1,804-bp ScaI-BamHI fragment of pAL01 (3),
respectively, into the EcoRV-BamHI sites of lactococcal plasmid pGK13. Plasmid pAL01 is a pUC19
derivative containing a 4,137-bp chromosomal DNA fragment from L. lactis MG1363 encompassing
acmA. The ligation mixtures were used to transform L. lactis MG1363acmAD1.
All cloning steps for the construction of pAL12 (Fig. 1) were performed with E. coli MC1000
unless stated otherwise. The SacI site present in the multiple-cloning site of pAL01 was removed by
cutting with EcoRI and SmaI. The plasmid was treated with Klenow enzyme, ligated, and used to
electrotransform E. coli NM522, resulting in plasmid pAL08. Because E. coli grows very poorly when
it carries an intact cmA gene (3), acmA was disrupted by cloning into the unique SacI sit  of pAL08 a
2,716-bp SacI fragment originating from the srfA operon of Bacillus subtilis (42). This resulted in
pAL10.
One of the two SacI sites present in pIR12 (25) was deleted by replacing the 2,750-bp SalI-XhoII
fragment by a 1,785-bp SalI-BamHI fragment, taken from pEF+ (43). The remaining SacI site in the
resulting plasmid, pIR12EF, was removed by digestion with SacI and reatment with T4 DNA
polymerase. After self-ligation, pIR1EF was obtained. The 1,764-bp EcoRV-XhoII fragment of
pIR1EF was replaced by the 4,520-bp ScaI BamHI fragment of pAL10 containing the interrupted
acmA gene. The resulting plasmid, pAL11, was digested with SacI to remove the DNA fragment
interrupting acmA. After self-ligation, the mixture was used to transform L. lactis LL302 and plasmid
pAL12 was obtained.
Mitomycin induction. An overnight culture of L. lactis was diluted 100-fold in GM17 and
grown to an OD600 of 0.2. The culture was divided into two portions, and mitomycin (Sigma) was
added to one of them to a final concentration of 1 µg/ml. Incubation was continued at 30°C. The OD600
values were measured in a Philips PU8720 UV/VIS spectrophotometer (Pye Unicam Ltd., Cambridge,
United Kingdom).
Sample preparation, SDS-PAGE, and detection of lytic activity. For the analysis of the
intercellular action of AcmA, 2-ml samples of culture were subjected to centrifugation. A 1-ml volume
of the supernatant fraction was dialyzed against several changes of demineralized water, lyophilized,
and dissolved in 0.5 ml of denaturation buffer (1). The cell pellet was resuspended in 1 ml of
denaturation buffer, and cell extracts were prepared as described by Van de Guchte et al. (41). The
samples were boiled for 2 min and centrifuged, and 30 µl of the mid-exponential phase samples and 15
µl of the other samples were loaded onto sodium dodecyl sulfate (SDS)-PAA gels.
For the analysis of (induced) lysis, 1-ml samples were treated as described above and the
supernatant and cell fractions were dissolved in 0.2 ml of denaturation buffer. The amount of sample
loaded was equalized according to the measured optical density. SDS-PAGE was carried out by the
method of Laemmli (16) with the Protean II minigel system (Bio-Rad). The standard low-range and
prestained low- and high-range SDS-PAGE molecular weight markers of Bio-Rad were used as
references. SDS-PAA gels were stained with Coomassie brilliant blue (Bio-Rad).
Lytic activity was detected in situby using SDS-12.5% PAA gels containing 0.15% autoclaved,
lyophilized Micrococcus lysodeikticus ATCC 4698 cells (Sigma) as described previously (3). Protein
renaturation was performed at room temperature for 14 h.
Western blotting and immunodetection. After SDS-PAGE, the proteins were transferred to
BA85 nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany) as described by Towbin et
al. (38). Endopeptidase and tripeptidase antigens were detected with 1:8,000-diluted polyclonal anti-
endopeptidase antibodies (23) and 1:4,000-diluted polyclonal anti-tripeptidase antibodies (22),
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respectively, and alkaline phosphatase-conjugated goat anti-rabbit antibodies (Promega Corp.,
Madison, Wis.) by using the Western-light chemiluminescent detection system and protocol (TROPIX
Inc., Bedford, Mass.).
Results
AcmA is required for autolysis of L. lactis during stationary phase.
Overnight cultures of L. lactis MG1363 and its acmA deletion mutant MG1363acmAD1
(3) were diluted 200-fold in fresh prewarmed M17 broth. During the first 9 h of growth and
hourly sampling, the cultures were gently shaken at 30°C to prevent settling of
MG1363acmAD1, which grows as long filaments due to improper cell separation (3). Further
incubation was carried out without shaking, but the cultures were briefly shaken before
sampling. The doubling time of the wild-type and mutant strains was 33 min. During stationary
phase, the OD600 of both cultures decreased and remained stable after approximately 1 week of
incubation (results not shown). The average maximal OD600 reduction, [(ODmax-
OD7days)/ODmax] ´  100%, was 63% for the wild-type and 14% for the mutant (mean of results
from three independent experiments). Apparently, the major autolysin of L. l c is is not nly
required for cell separation (3) but is also responsible for cell lysis upon prolonged incubation.
Complementation of acmAD1 and localization of the acmA promoter.
A putative -35 hexanucleotide and a -10 sequence preceded by the sequence TGN,
found in more than 40% of the lactococcal promoters analyzed so far (10), is present upstream
of the start codon of acmA (Fig. 1). The spacing between the two consensus sequences (23
nucleotides) is exceptionally large. To examine whether this sequence is functional, pGKAL1
and pGKAL2 were constructed. pGKAL1 contains a 138-bp SspI-ScaI fragment carrying this
sequence, whereas pGKAL2 does not (see Fig. 1). L. lactis MG1363(pGK13) and L. lactis
MG1363acmAD1 containing either pGK13, pGKAL1, or pGKAL2 were patched onto a
GM17 plate containing 0.15% autoclaved M. lysodeikticus cells, and the plate was incubated
for 36 h at 30°C. The results are presented in the inset in Fig. 2 and show that no halo had
formed around the colony of cells containing pGKAL2 but that a large halo was present
around the cells containing pGKAL1. The halo was even larger than that formed by L. l ctis
MG1363. Apparently, L. lactis can cope with multiple copies of acmA and with the increased
amount of the deleterious enzyme AcmA. This result also indicates that the 138-bp SspI-ScaI
fragment is required for acmAexpression. This fragment, when cloned upstream of the
promoterless E. coli lacZ gene in plasmid pORI13 (32), drove b-galactosidase expression in
E. coli but not in L. lactis (results not shown). Primer extension analysis performed on RNA
isolated from MG1363 cells revealed that the acmAmRNA starts at the T residue 6 bases
downstream of the -10 hexanucleotide (result not shown). Whereas the same RNA sample
gave normal primer extension products of the transcripts of two other genes, an exposure of 1
week was needed to visualize a faint band of the extension product, indicating that the
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promoter is only very weakly expressed. This is in agreement with the fact that we were
unable to identify a protein band in a 200-fold-concentrated sample of culture supernatant of
L. lactis MG1363 run on a PAA gel and stained with Coomassie brilliant blue which would
correspond to the position of AcmA clearing bands in an activity gel.
FIG. 1. Plasmid maps and nucleotide sequence of the acmA promoter region.
(A). Map of pGKAL1. Putative ribosome binding site (RBS and lowercase letters), -10 and -35
sequences (underlined), start codon (italic), transcriptional start point (asterisk), and the SspI (only h lf)
and ScaI restriction enzyme sites are indicated. Emr and Cmr, erythromycin and chloramphenicol
resistance genes, respectively; ORI (open square), origin of replication of the lactococcal plasmid
pWV01; repA, gene encoding the replication initiation protein of pWV01; acmA, N-acetylmuramidase
gene of L. lactis MG1363. The fragment from pAL01 (3) containing acmA s indicated with a grey bar.
The cloning vector (thin line) is pGK13. In pGKAL2, the ScaI sit was fused to the EcoRV site of
pGK13.
(B). Map of pAL12. The abbreviations are the same as in panel A. P1 and P2 (ÌÍ), promoters from
bacteriophage r1t; T, transcription terminator of the lactococcal proteinase gene prtP; rro, r1t r pressor
gene; tec, topological equivalent of lambda cro; orf5', 5’-end of ORF5 of phage r1t. Only relevant
restriction enzyme sites are shown for both plasmids.
Increased production of AcmA leads to more lysis.
Overnight cultures of MG1363(pGK13) and MG1363acmAD1 containing pGK13 or
pGKAL1 were diluted 100-fold in fresh medium (0.5´ M17), and the OD600 was monitored
(Fig. 2). During the exponential growth phase the strains grew equally fast. During the
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following 70 h of incubation, the reduction in the OD600 of MG1363acmAD1(pGKAL1) was
much higher than that of MG1363(pGK13). As expected, during the same period, nearly no
reduction in OD600 was observed with the deletion mutant containing pGK13. Apparently,
increased production of AcmA from pGKAL1 (see the inset of Fig. 2) results in a higher
reduction of the OD as compared to the wild-type situation.
FIG. 2. GM17 growth curves and halo formation on a GM17 plate containing 0.15% autoclaved M.
lysodeikticus cells (inset), of L. lactis MG1363(pGK13) (, A), and L. lactis MG1363acmAD1
containing pGK13 (, C), pGKAL1 (, D), or pGKAL2 (B).
AcmA acts intercellularly.
Overnight cultures of MG1363, MG1363acmAD1, and MG1363pepT were diluted 100-fold in
fresh 0.5´ M17 medium, and their growth was monitored (Fig. 3). At the end of the
exponential phase of growth, equal amounts of the cultures of the acmA and pepT deletion
mutants were mixed. The presence of AcmA activity (Fig. 4A), the release of proteins into the
culture medium (Fig. 4B), and the presence of PepT in the supernatant fractions (Fig. 4C) of
all four cultures were monitored during 80 h of incubation at 30°C. The reduction of OD600
during the prolonged stationary phase of the mixed culture is nearly equal to that of the
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cultures of MG1363 and the pepT deletion mutant (Fig. 3). The average chain length in the
mixed culture was equal to that of the chains of MG1363 and MG1363pepT, while the chains
were very long in the acmAD1 culture (reference 3 and results not shown). As expected,
AcmA activity was seen in the supernatants of MG1363 and MG1363pepTbut was absent in
MG1363acmAD1. The supernatant of the mixed culture contains AcmA produced by the pepT
cells (Fig. 4A). Clearly, the activity in the mixture is lower than that in the pepT culture, due to
the presence of equal amounts of nonexpressing MG1363acmAD1 cells. AcmA produces the
typical banding pattern due to proteolytic degradation (3). Autolysis results in the release of
proteins into the culture medium of the AcmA-producing strains MG1363 and MG1363pepT
(Fig. 4B). As the protein banding pattern was the same as that of a cell extract of L. lactis
(results not shown, but compare with Fig. 7A, lane 5), intracellular proteins are liberated. This
was confirmed (Fig. 4C) by the presence of the intracellular peptidase PepT (22) among the
proteins released from MG1363. Of course, no PepT antigen was present in MG1363p pT in
the supernatant fraction of this strain (Fig. 4C) or in the cell extract (results not shown).
MG1363acmAD1 does not autolyze (Fig. 3) and consequently does not release intracellular
proteins (Fig. 4B). Although PepT antigen was not found in the supernatant of this culture, it
was clearly present in the cell extract of this strain (results not shown).
FIG. 3. GM17 growth curves of L. lactis MG1363 (), L. lactis MG1363pepT (), L. lactis
MG1363acmAD1 (), and a coculture of L. lactis MG1363pepT and L. lactis MG1363acmAD1 mixed
1:1 at the end of the exponential phase (). Th  numbered arrowheads at the top of the figure indicate
the points at which samples were taken for further analysis (see Fig. 4).
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Intracellular proteins, including PepT antigen present in the cells of MG1363acmAD1,
were liberated in the mixed culture (Fig. 4B and C). This must have been caused by AcmA,
produced and released from MG1363pepT, degrading the cell walls of the MG1363acmAD1
cells. Both the total amount of released proteins and the AcmA activity decreased over time
(Fig. 4), probably due to the action of released intracellular proteolytic enzymes.
FIG. 4. (A) Detection of AcmA activity in a renaturing SDS-12.5% PAA gels containing 0.15% M.
lysodeikticus autoclaved cells. (B) Analysis by SDS-12.5% PAGE of proteins present in culture
supernatants. The gels were stained with Coomassie brilliant blue. (C) De ection of PepT among the
proteins in the supernatant fractions using PepT-specific antibodies. Only the results of the supernatant
fractions of the samples taken as indicated in Fig. 3 are shown. Lanes 1 to 7 correspond to the time
points indicated in Fig. 3. The equivalent of 60 ml (lane 1) or 30 ml (all other lanes) of supernatant was
applied to the gels. Molecular masses (in kilodaltons) of standard proteins are shown in the left
margins.




Induced expression of AcmA.
The acmA gene lacking its native promoter but retaining its own ribosome binding site
was taken from pAL01 and inserted into pIR12 (25). In the resulting plasmid, pAL12 (Fig. 1),
expression of acmA is repressed by the repressor Rro and is induced by mitomycin (25).
Plasmid pAL12 was used to transform L. lactisLL302 which contains a copy of the pWV01
repA gene on the chromosome (19) to ensure efficient replication of pWV01-derived vectors.
All strains used for this experiment grew with the same mmax and reached similar final OD
values in the absence of mitomycin. After 2 to 3 h after mitomycin addition, the OD600 of
LL302(pAL12) decreased gradually and steadily (Fig. 5). MG1363(pGK13) and
LL302(pIR12), the latter of which produces E. coli ß-galactosidase from the r1t
promoter/operator cassette (25), did not show detectable lysis in this assay. Clearly, the
addition of 1 µg of mitomycin per ml resulted in a reduction in the growth rates of all cultures.
In MG1363(pGK13) the maximal OD600reached was 1.6, whereas LL302(pIR12) did not
reach this OD600 and appeared to lyse slightly.
FIG. 5. Effect of mitomycin (1 µg/ml) addition at time zero on OD600 f L. lactis MG1363(pGK13)
() and L. lactis LL302 containing pIR12 () or pAL12 (). A control culture of L. lactis
LL302(pAL12) which was not induced by mitomycin is also indicated (+). The arrowhead () at the
top of the figure indicates the time point at which 1-ml samples were taken and processed for the
analysis of AcmA activity (Fig. 6) and protein and peptidase antigen (Fig. 7).
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To examine the level to which AcmA was induced, samples were taken 4 h after
mitomycin addition and inspected by renaturing SDS-PAGE (Fig. 6). Increased activity of
AcmA was present in an L. lactis LL302(pAL12) cell extract compared to the amount in cell
extracts of L. lactis LL302(pIR12). Qualitatively, the same was true for the supernatant
fractions of the strains: only L. lactis LL302(pAL12) produced enhanced clearing bands at a
position corresponding to proteins of approximately 30 kDa, which have previously been
shown to be active degradation products of AcmA (3).
FIG. 6. Renaturing SDS-PAGE
analysis of the autolysin activity of L.
lactis LL302 containing pIR12 (lanes 1
and 2) and pAL12 (lanes 3 and 4).
Samples of 1 ml were taken 4 h after the
addition of mitomycin to exponentially
growing cells (arrowhead in Fig. 5). Cell
extracts ( lanes 1 and 3) and supernatant
fractions (lanes 2 and 4) were loaded on
a 12.5% PAA gel containing 0.15%
autoclaved M. lysodeikticus cells.
Molecular masses of standard proteins
(lane M) are shown on the left, and the
clearing bands due to mature AcmA
(40.3) activity are indicated on the right
(all in kilodaltons). Clearing bands
caused by degradation products of
AcmA (3) are indicated by an arrow.
Although the level of AcmA production was clearly increased, the OD measurements did
not conclusively show that it resulted in cell lysis. To examine this in a more direct way, the
supernatant fractions of cultures induced for 4 h were assayed for the presence of intracellular
proteins by SDS-PAGE. The results (Fig. 7A) show that only one protein is detectable in
uninduced cultures. Most probably, this protein is the previously described major secreted
protein, Usp45, of L. lactis (40). Upon induction, proteins normally present in the cell extracts
only are, to a considerable extent, extruded into the culture medium in the case of L.




FIG. 7. (A) Analysis by SDS-12.5% PAGE of proteins present in the culture supernatants of induced
(lanes 2 and 4) and noninduced (lanes 1 and 3) L. l ctisLL302 containing pIR12 (lanes 1 and 2) or
pAL12 (lanes 3 and 4). The samples were taken at the time point indicated in Fig. 5. Lane 5 contains a
cell extract of noninduced L. lactis LL302(pIR12). The gel was stained with Coomassie brilliant blue.
Molecular masses (in kilodaltons) of standard proteins (M) are shown on the left.
(B) Western blot analysis of the gel shown in panel A with polyclonal antibodies raised against the
lactococcal intracellular endopeptidase PepO (23). The arrowhead indicates the position of the
endopeptidase.
To ascertain that cytoplasmic proteins were indeed present in the culture medium after
mitomycin induction, immunoblots were performed on supernatants of cells carrying the
various plasmids. The results in Fig. 7B show that antibodies raised against the cytoplasmic
lactococcal peptidase PepO (23) gave a strong signal with the supernatant of L. lactis(pAL12)
and only a weak one with that fraction of L. lactis(pIR12). The reacting band at a position of
around 40 kDa is caused by an impurity in the antibody preparation (23).
Discussion
In this work we have clearly shown that AcmA of L. lactis is required for autolysis of
this organism during stationary phase. Deletion of the acmA gene resulted in complete loss of
the autolytic behaviour. Autolysis resulted in the release of intracellular proteins, including the
intracellular peptidases PepT and PepO. The reduction in OD600 f MG1363acmAD1 was at
most 15% during stationary phase. This decrease occurred immediately after the culture had
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reached its maximum OD600. Thereafter, the OD600 of the culture remained constant for at
least 7 days. The OD reduction was not accompanied by a release of intracellular proteins
(Fig. 4B and C), indicating that it is not caused by (auto)lysis. In other words, in L. lactis
MG1363, AcmA is the only enzyme responsible for autolysis. The initial steep drop in the
OD600 of approximately 15% after reaching stationary phase was observed in all the strains
examined. Since the viable count of MG1363acmAD1(pGK13) did not change from the point
of maximum OD600 to 10 h thereafter (unpublished data), the initial OD600 reduction has to be
explained by general changes in cell morphology and/or intracellular components influencing
light scattering and thus reducing OD600.
Although Mou et al. (24) and Niskasaari (26) detected only muramidase activity in two
strains of L. lactis, Østlie et al. (28) have recently shown that three other L. lac is strains
contained a glucosidase and an N-acetylmuramoyl-L-alanine amidase or endopeptidase
activity. Also, Crow et al. (6) suggested the presence of more than one autolytic enzyme in
lactococci on the basis of activity profiles in renaturing SDS-PAGE activity assays. From the
literature, it is clear that autolytic behavior is different among lactococcal strains, and it will be
interesting to determine the actual contribution of each of these (putative) enzymatic activities
to autolysis. Based on the data presented here and our unpublished results that an active copy
of acmA is present in more than 15 different (industrial) strains of L. lact s, we postulate that
AcmA is the only or major enzyme involved in stationary phase autolysis in many, if not all,
lactococci.
Loss of autolysis was also seen in other gram-positive bacteria when expression of
peptidoglycan hydrolases was prevented. Insertional inactivation of the gene encoding the
major autolysin N-acetylmuramoyl-L-alanine amidase (cwlB) of B. subtilis led to loss of
approximately 90% of the total cell wall hydrolytic activity of stationary-phase cells. The
mutant strain was extremely resistant to cell lysis but did not grow in filaments (15).
Interruption of Streptococcus pneumoniae lytA, the gene encoding N-acetylmuramoyl-L-
alanine amidase, resulted in loss of autolysis during stationary phase. No significant difference
in chain formation was observed between the wild-type and mutant strains (37). Two mutants
of Staphylococcus aureus showing negligible autolysis during a prolonged stationary phase
were created by Tn917-lacZ insertion mutagenesis (21). The strains lacked the endo-b-N-
acetylglucosaminidase (51-kDa) and N-acetylmuramyl-L-alanine amidase (62-kDa) activities,
which Sugai et al. (36) later showed were involved in the separation of daughter cells.
Vegarud et al. (44) have shown that changes in the composition of M17 leading to a
reduction in maximal OD generally resulted in a reduction of autolysis. This is in agreement
with observations made in this study. As detailed in Results, autolysis of MG1363 grown in
M17 medium was estimated to be 63%, which is similar to that measured by Østlie et al. for
two lactococcal strains grown under the same conditions (29). When MG1363 was grown in
0.5´  M17 (Fig. 3), the decrease in OD was only 35%. The difference in autolysis cannot be
explained by a difference in final culture medium pH, an important factor for AcmA activity




AcmA was shown to also act intercellularly, releasing the cellular content of an AcmA-
nonproducing strain. Although AcmA is normally attached to the cell wall through its C-
terminal repeat domain (reference 3 and unpublished results), the enzyme is apparently not
covalently linked. It can be released and can subsequently recognize, bind, and hydrolyze the
wall of another cell. This observation opens the possibility of using L. lactisfor the controlled
overexpression of AcmA and adding such a strain to the mixture of strains present in a cheese
starter culture. Induction of the acmA gene in the adjunct strain could lead to the enhanced
lysis of all strains in the starter. Among the proteins released would be flavor-enhancing
enzymes. To have such an inducible lysis system at one’s disposal could be of great industrial
interest. As a first step toward an inducible system for L. lactis, acmA lacking its own
promoter was cloned downstream of the promoter/operator region of the temperate
lactococcal bacteriophage r1t. Expression of AcmA from this construct was inducible by the
addition of mitomycin. Increased expression of AcmA was observed 4 h after induction of the
lactococcal strain containing pAL12. Mitomycin did not induce expression of the
chromosomal copy of acmA. AcmA induction was much lower than b-galactosidase induction
(25) when the same genetic element was used. Among other possibilities, this may be due to
factors needed for (extracellular) AcmA activity that become limiting. In this respect, it is
interesting that part of an operon which is involved in the secretion of the strongly
homologous muramidase-2 of Enterococcus hirae was recently cloned and sequenced (9).
A decrease in OD600 with the release of intracellular proteins was seen in cultures of the
strain overexpressing AcmA, but limited lysis of cells was also observed in the strain
overexpressing ß-galactosidase. The slow decrease in the OD600 of the latter strain may be
caused by the production of deleterious quantities of ß-galactosidase only or in combination
with the presence of mytomicin, a substance which clearly inhibits cell growth.
Although we have successfully overproduced AcmA with concomitant cell lysis, it is
clear that the system is not yet optimal and cannot be used for industrial fermentations.
Research is currently focused on the isolation of a temperature-sensitive mutant of the
repressor (Rro), which would allow us to lyse cells and release important proteins and
enzymes in cibo in a food-grade way.
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Considering the amount of daily consumed foods which are produced by means of
fermentation, such as breads, wines, beers, cheeses, fermented vegetables/fruits and sausages,
the economical importance of these biotechnological processes can be hardly overestimated.
Lactic acid bacteria (LAB) play an essential role in many of these fermentation’s. In order to
better control and improve the fermentation processes, very considerable financial means and
effort have been invested by governments and industries in research on this group of bacteria.
Over the last 20 years, main objectives of research were the unraveling of carbohydrate and
citrate metabolism, proteolysis, production of exopolysaccharides and antimicrobials, and the
molecular biology of bacteriophages and bacteriophage resistance. More recently, considerable
interest has developed for research involving the control of gene expression and the possible
use of these bacteria for new applications in health care. Using the knowledge primarily gained
from studies on lactococci, nowadays the research is gradually extending to other species of
LAB.
One of the new areas of increased attention is that of lysis of starter culture cells during
milk fermentation and its importance in flavor development. It is now evident that the degree
of lysis of lactoccci during cheese ripening is positively correlated with the degree of
debittering. Cheese ripening is a slow and, therefore, costly process. Acceleration of cell lysis
is expected to result in faster ripening of cheese. In the introduction of this thesis, an overview
is given on the current knowledge of lysis of lactococci. Furthermore, it provides an overview
of the chromosome-encoded cell wall-hydrolases of other Gram-positive bacteria that have the
capacity to lyse the cells in which they are produced, the so-called autolysins. It has become
clear that most of the enzymes consist of at least two domains, of which one is needed for
catalytic activity and the other for recognition of and binding to the cell wall substrate. In most
cases the latter domain consists of repeated amino acid sequences which non-covalently bind
to components of the cell wall.
Chapter 2 describes the cloning of a chromosomal gene of the prophage-cured
Lactococcus lactis subsp. cremoris train MG1363 encoding a cell wall hydrolytic activity.
The gene, acmA, was isolated from a genomic library of the strain by screening Escherichia
coli transformants for halo formation on a medium containing cell wall fragments of
Micrococcus lysodeikticus. N cleotide sequencing revealed that acmA could encode a protein
of 437 amino acid residues. The calculated molecular mass of AcmA (46.6 kDa) corresponded
with that of one of the cell wall lytic activities in a cell extract of L. lactis MG1363 analyzed
by renaturing SDS-polyacrylamide gelelectrophoresis in the presence of cell wall fragments of
M. lysodeikticus or L. lactis. Presumably, the enzyme is synthesized as a signal sequence
containing precursor of 46.6 kDa which is processed by cleavage after Ala at position 57 to a
mature protein of 40.3 kDa, the size of the cell wall lytic activity present in the culture
supernatant of L. lactis. The N-terminal moiety of mature AcmA , from Ala at position 58 to
Ser-218 showed 54% identity with those of the mature muramidase-2 of Enterococcus hirae
and the autolysin of Enterococcus faecalis. The C-terminal moiety of all three enzymes
Samenvatting
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contains homologous C-terminal repeated amino acid sequences. Genes specifying identical
activities were detected in various strains of the two Lactococcal subspecies lacti and
cremoris. As the gene was also present in L. lactisAM1, which only contains muramidase
activity, it was concluded that the cloned gene encodes the lactococcal lysozyme (N-
acetylmuramidase), an enzyme that hydrolyses N-acetylmuramyl,1,4,-ß-N-acetylglucosamine
bonds in peptidoglycan. An acmA deletion mutant was constructed by replacement
recombination. The strain grew in very long chains, indicating that AcmA is non-essential, but
is required for cell separation. No other cell wall hydrolytic activity was detected in vivo in the
AcmA-negative strain. It was also observed that the mutant, in contrast to its parent strain
MG1363, did not autolyze during the stationary phase of growth.
Data on the molecular organization of AcmA are presented in chapter 3. The enzyme
consists of three functional domains: (1) an N-terminal domain encompassing an unusually
long signal sequence, presumably containing 57 amino acid residues, (2) a middle domain
containing the active site and showing high similarity with other cell wall hydrolases, which
from Ala at position 58 to Ser-218 could be overproduced in E. coli as a  active enzyme, and,
(3) a C-terminal moiety containing three highly similar repeated sequences of 45 amino acids
each, separated by dissimilar sequences highly nriched in Ser, Thr, and Asn residues. This
domain is responsible for substrate recognition and, thus, binding of AcmA to cell walls. The
repeats in AcmA could be deleted consecutively without impairing cell wall hydrolytic activity,
providing complementary evidence for the notion that the middle domain contains the active
site. At least one complete repeat is needed for the enzyme to retain appreciable activity.
Proteins with two or more complete repeats are capable of separating and lysing cells. All
AcmA deletion derivatives containing one or more repeats were found to be capable of
binding to lactococcal cells, while the derivative lacking all three repeats did not bind. The
involvement of the repeats in cell wall binding was also shown by fusing the repeat domain to
the C-termini of a-amylase and b-lactamase. The resulting active chimeric fusion proteins
were retained in the lactococcal cell wall, unlike the wild-type proteins, which are secreted
into the medium. Addition of the b-lactamase fusion protein to lactococcal cells resulted in its
binding to the cells, which was not observed with wild-type b-lactamase. Zymographic
analysis of the deletion derivatives of AcmA and the a- mylase fusion protein provided
evidence for the existence of an as yet unknown extracellular proteolytic activity in L. lactis
which preferably cleaves the enzymes between the repeats. Appar ntly, AcmA is normally
subject to proteolytic degradation.
To be able to grow in milk, the multiple amino acid auxotroph L. lactis produces an
extracellular cell wall-anchored proteinase PrtP that degrades casein and, thus, together with
cytoplasmic peptidases supplies the cell with essential amino acids. The effect of the presence
of this proteinase on autolysis is described in chapter 4. Zymographic analysis showed that
AcmA is rapidly degraded by PrtP proteinase with a caseinolytic specificity of the PI-type, but
to a much lesser extent by PrtP endowed with PIII-type specificity. The resulting decrease in
stationary phase autolysis in the former case led to a decrease in the release of intracellular
proteins. Interestingly, when a proteinase with an intermediate caseinolytic specificity was
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expressed, autolysis and release of intracellular proteins was increased. When the different
proteinases were expressed in the AcmA deletion mutant, no lysis of cells was observed,
indicating that PrtP itself is not involved in autolysis. It was also observed that the cell wall-
anchored active proteinase influences cell separation, possibly due to degradation of cell wall-
located proteins involved in stabilization of the cell wall.
The last chapter deals with autolysis of L. lactis due to the action of AcmA and the
exploitation of the enzyme in the controlled and enhanced lysis of lactococcal cells. While the
acmA mutant strain did not autolyze during one week of incubation in stationary phase, the
optical density of the wild-type strain was reduced to more than 60%. Apparently, AcmA
causes cell lysis during the stationary phase. As release of intracellular proteins was not
observed with the deletion mutant, it is evident that Lactococcus expresses only one autolysin,
namely AcmA. acmA is a monocistronic gene and when it was cloned together with its own
promoter into a lactococcal plasmid, the resulting strain overproduced AcmA and was
considerably more autolysis-prone than the wild-type. An inducible lysis system was
constructed that was based exclusively on lactococcal DNA. The cmA gene, lacking its own
promoter, was placed under control of the inducible early promoter of the temperate
lactococcal bacteriophage r1t. After induction of the gene with mitomycin C in exponentially
growing cells of L. lactis, enhanced cell lysis due to overexpression of AcmA was observed,
with concomitant release of intracellular proteins, among which the lactococcal endopeptidase
PepO, into the culture supernatant. In a mixed culture of the acmA mutant and a tripeptidase-
negative strain, PepT synthesized by the acmA mutant was released into the culture medium
due to the action of AcmA produced by the pepT mutant. This observation shows that AcmA
works intercellularly and, thus, when using a mixed starter culture consisting of several
lactococcal strains for cheese making, only one strain overproducing AcmA at a desired




Gezien de dagelijkse hoeveelheid geconsumeerde produkten die met behulp van
fermentaties geproduceerd worden, zoals verschillende soorten brood, wijn, bier, kaas,
gefermenteerde groenten, fruit en vleesproducten, is het duidelijk dat deze biotechnologische
processen van groot economisch belang zijn. Melkzuurbacteriën vervullen een essentiële rol in
vele van deze fermentaties. Om dit proces te beheersen en te verbeteren is er veel tijd en geld
geïnvesteerd door zowel overheden als de industrie voor wetenschappelijk onderzoek aan deze
groep van bacteriën. Gedurende de laatste twee decennia is dit met name het geval geweest
voor onderzoek in lactococcen aan: het koolhydraat- en citraat metabolisme, proteolyse,
produktie van exopolysacchariden en eiwitten met een anti-bacteriële werking, en de
moleculaire biologie van bacteriofagen en mechanismen die resistentie tegen bacteriofaag
bewerkstelligen. De laatste tijd is er veel belangstelling ontstaan voor onderzoek aan
gereguleerde genexpressie en het mogelijk gebruik van melkzuurbacteriën met het oog op
gezondheidsaspecten. Tevens richt het onderzoek zich thans op andere melkzuurbacterie
soorten waarbij veelvuldig gebruik wordt gemaakt van de kennis die verkregen is met het aan
lactococcen uitgevoerde onderzoek.
Een van de nieuwe onderzoeksgebieden waarvoor veel belangstelling bestaat betreft de
lysis van zuursel bacteriën tijdens melkfermentaties, omdat lysis van belang is voor de
ontwikkeling van de smaak van de fermentatie produkten. Het is inmiddels duidelijk dat de
mate van lysis van lactococcen tijdens kaasrijping positief gecorreleerd is met ontbittering.
Kaasrijping is een langzaam en daardoor duur proces en de verwachting is dat versnelde lysis
van de cellen zou kunnen leiden tot versnelde kaasrijping.
In de inleiding van dit proefschrift wordt allereerst een overzicht gegeven van onze
huidige kennis over de lysis van lactococcen en celwand afbrekende enzymen van andere
Gram-positieve bacteriën die in staat zijn de cel waarin ze gemaakt worden te lyseren (de zg.
autolysinen). Daaruit blijkt dat de meeste van deze eiwitten bestaan uit tenminste 2 domeinen
waarvan er één nodig is voor de katalytische activiteit van het enzym, terwijl het andere voor
de herkenning van en binding aan het substraat dient.
In hoofdstuk 2 wordt de klonering beschreven van een chromosomaal gelegen gen van
de profaag vrije stam L ctococcus lactis subsp. cremoris MG1363, dat codeert voor een
celwand afbrekende activiteit. Het gen, acmA, werd geïdentificeerd in een chromosomale
DNA bank van deze stam in Escherichia coli door kolonies van transformanten te screenen op
halovorming op een medium met celwandfragmenten van Micrococcus lysodeikticus. Uit de
nucleotidenvolgorde bleek dat acmA een eiwit van 437 aminozuren kan specificeren. De
berekende moleculaire massa van AcmA (46.6 kDa) bleek overeen te komen met die van één
van de celwand afbrekende activiteiten in een cel extract van L. lactis MG1363 dat
geanalyseerd werd met behulp van een gerenatureerde SDS-polyacrylamide gel, waarin
celwand fragmenten van M. lysodeikticus of L. lactis waren ingesloten. Waarschijnlijk wordt
het enzym aangemaakt als een signaal sequentie bevattende precursor die wordt omgezet,
door processing na Ala op positie 57, tot een rijp eiwit van 40.3 kDa, de grootte van de
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celwand afbrekende activiteit die aanwezig is in het culture supernatant van L. lactis. Het N-
terminale domein van het rijpe AcmA, van Ala op positie 58 tot Ser-218 is voor 54% identiek
aan het rijpe muramidase-2 van Enterococcus hirae en het autolysine van Enterococcus
faecalis. Alle drie de eiwitten hebben vergelijkbare C-terminale repeterende aminozuur
volgordes. Genen die identieke activiteiten als die van AcmA specificeren bleken in
verschillende stammen van de twee Lactococcus subspecies lactis en cremoris voor te komen.
Omdat het gen ook aanwezig is in L. lactisAM1, een stam waarin alleen muramidase activiteit
aantoonbaar is, werd geconcludeerd dat het gecloneerde gen codeert voor het lysozym van
Lactococcus (N-acetylmuramidase), een enzym dat de N-acetylmuramyl,1,4,-ß-N-
acetylglucosamine binding in peptidoglycan verbreekt. Met behulp van dubbel cross-over
recombinatie werd een acmAdeletie mutant gemaakt die bijzonder lange ketens vormde,
hetgeen aantoont dat AcmA weliswaar niet essentieel is, maar wel betrokken is bij de
celscheiding. In deze AcmA-negatieve stam bleek geen andere celwand afbrekende activiteit
voor te komen. Tevens werd aangetoond dat de mutant, in tegenstelling tot de wildtype stam
MG1363 niet lyseert tijdens de stationaire groeifase.
In hoofdstuk 3 wordt de moleculaire organisatie van AcmA geanalyseerd, waaruit blijkt
dat het enzym uit drie functioneel verschillende domeinen bestaat: (1) een N-terminaal domein
dat bestaat uit een ongewoon lange signaalsequentie van waarschijnlijk 57 aminozuren, (2) een
centraal domein waarin het actieve centrum is gelegen dat grote overeenkomst met andere
celwandhydrolasen vertoont en dat van Ala op positie 58 tot Ser-218 na overproduktie in E.
coli in vitro actief bleek te zijn, en (3) een C-terminaal domein dat drie vergelijkbare
repeterende gebieden van elk 45 aminozuren bevat, die van elkaar gescheiden zijn door
ongelijke sequenties waarin veel serine, threonine, and asparagine residuen voorkomen. Dit
domein is verantwoordelijk voor de herkenning van het substraat en de binding van AcmA aan
de celwand.
De repeterende sequenties in AcmA konden één voor één verwijderd worden zonder
verlies van celwand afbrekende activiteit, hetgeen bewijst dat het centrale domein het actieve
centrum omvat. Echter, tenminste één complete repeat is nodig om het enzym een aanzienlijke
activiteit te laten behouden. Alleen eiwitten met twee of meer volledige repeterende sequenties
bleken volwaardig ten aanzien van cellysis en celscheiding. Een AcmA deletie mutant ontdaan
ven de repeterende sequenties bleek niet meer te kunnen binden aan cellen van Lactoco cus,
maar dit vermogen werd hersteld in mutanten met één of meerdere repeterende sequenties.
Dat de repeterende sequenties nodig zijn voor celwand binding werd tevens aangetoond door
een fusie te maken van het bindingsdomein met de C-terminus van a-a ylase en b-lactamase.
Deze actieve fusie eiwitten bleven met de celwand van lactococcen geassocieerd in
tegenstelling tot de wildtype enzymen, die in het medium werden uitgescheiden. Wanneer het
b-lactamase fusie eiwit aan L ctococcus cellen werd toegevoegd bleek het aan de cellen te
binden, terwijl het wildtype b-lactamase niet gebonden werd. Activiteitsanalyse van de deletie
mutanten van AcmA en het a-amylase fusie eiwit toonde aan dat een tot nog toe onbekende




Om te kunnen groeien in melk produceert de meervoudig aminozuur behoeftige L. lactis
een extracellulair celwand gebonden proteïnase PrtP, die samen met cytoplasmatische
peptidasen nodig is om de cel te voorzien van essentiële aminozuren. Het effect van de
aanwezigheid van deze proteolytische activiteit op autolyse staat beschreven in hoofdstuk 4.
Daaruit blijkt dat AcmA snel wordt afgebroken door een proteïnase met een PI-type
specificiteit voor de afbraak van caseïne, zulks in tegenstelling tot een proteïnase met een PIII-
type specificiteit. Tevens bleek dat de afname van de mate van autolyse tijdens de stationaire
fase in het eerste geval gecorreleerd is met een afname van het vrijkomen van intracellulaire
eiwitten. Als een proteïnase met een intermediaire specificiteit voor caseïne tot expressie
wordt gebracht, neemt de autolyse toe, hetgeen resulteert in het verhoogd vrijkomen van
intracellulaire eiwitten. Omdat acmA deletie mutanten die verschillende proteïnases vormen,
niet onderhevig bleken aan autolyse werd geconcludeerd dat PrtP zelf niet betrokken is bij
autolyse. Tijdens deze experimenten werd tevens geconstateerd dat een celwand gebonden
actieve proteïnase betrokken is bij celscheiding, mogelijk door het afbreken van celwand
gelokaliseerde eiwitten die de celwand stabiliseren.
In het laatste hoofdstuk wordt de autolyse van L. lactis door AcmA en het gebruik van
deze activiteit voor gecontroleerde en versnelde lysis van Lactococcus beschreven. Aangezien
een acmA mutant gedurende een week van incubatie in de stationaire groeifase niet onderhevig
is aan autolyse, terwijl de optische dichtheid van de wildtype stam met meer dan 60%
verminderde, is AcmA verantwoordelijk voor cellysis gedurende de stationaire groeifase.
Daarmee in overeenstemming is dat geen intracellulaire eiwitten vrijkwamen uit de deletie
mutant. Door acmA, voorzien van zijn eigen promoter, te cloneren in een Lactococcus
plasmide werd verhoogde expressie van AcmA verkregen en een verhoogde lysis
waargenomen ten opzichte van de wildtype stam. Vervolgens werd een induceerbaar lysis
systeem uitsluitend bestaande uit Lactococcus DNA, geconstrueerd door acmA, ontdaan van
zijn eigen promoter, onder de beheersing te plaatsen van een induceerbare vroege promoter
van het gematigde lactococcus bacteriofaag r1t. Na inductie van de expressie met mitomycine
C in exponentieel groeiende cellen van L. lactis werd verhoogde lysis van cellen door de
overexpressie van AcmA waargenomen die gepaard ging met het verhoogd vrijkomen van
intracellulaire eiwitten, waaronder het endopeptidase PepO, in de supernatant van de culture.
In een mengculture van een acmA mutant en een tripeptidase-negatieve stam kwam PepT,
geproduceerd door de acmAmutant, vrij in het culture medium door de werking van AcmA,
gevormd door de pepT stam. Dit resultaat toont aan dat AcmA ook intercellulair werkt. Het
geeft ook aan dat bij het maken van kaas met een gemengd zuursel bestaande uit verschillende
Lactococcus stammen er maar één AcmA overproducerende stam aanwezig hoeft te zijn om
lysis van cellen van de andere stammen te kunnen bewerkstelligen.
120
List of publications
Vos, P., I. J. Boerrigter, G. Buist, A. J. Haandrikman, M. Nijhuis, M. B. de Reuver, R. J. Siezen,
G. Venema, W. M. de Vos, and J. Kok. 1991. Engineering of the Lact coccus lactis serine
proteinase by construction of hybrid enzymes. Prot. Eng. 4:479-484.
Tynkkynen, S., G. Buist, E. Kunji, J. Kok, B. Poolman, G. Venema, and A. Haandrikman. 1993.
Genetic and biochemical characterization of the oligopeptide transport system of Lactococcus
lactis. J. Bacteriol. 175:7523-7532.
Buist, G., A. M. Ledeboer, G. Venema, and J. Kok. Lysis of a culture of lactic acid bacteria by
means of a lysin and uses of the resulting lysed culture. European Patent application nr. EP-PA
94201353.3 (1994).
Buist, G., J. Kok, K. J. Leenhouts, M. Dabrowska, G. Venema, and A. J. Haandrikman. 1995.
Molecular cloning and nucleotide sequence of the gene encoding the major peptidoglycan
hydrolase of Lactococcus lactis, a muramidase needed for cell separation. J. Bacteriol. 177:1554-
1563.
Sun, X., R. Eliasson, E. Pontis, J. Andersson, G. Buist, B. M. Sjoberg, and P. Reichard. 1995.
Generation of the glycyl radical of the anaerobic Escherichia coli ribonucleotide reductase requires
a specific activating enzyme. J. Biol. Chem. 270:2443-2446.
Law, J., G. Buist, A. J. Haandrikman, J. Kok, G. Venema, and K. Leenhouts. 1995. A system to
generate chromosomal mutations in Lactococcus lactis which allows fast analysis of targeted genes.
J. Bacteriol. 177:7011-7018.
Leenhouts, K., G. Buist, A. Bolhuis, A. ten Berge, J. Kiel, I. Mierau, M. Dabrowska, G. Venema,
and J. Kok. 1996. A general system for generating unlabelled gene-replacements in bacterial
chromosomes.  Mol. Gen. Genet. 253:217-224.
Buist, G., H. Karsens, A. Nauta, D. van Sinderen, G. Venema, and J. Kok. 1997. Autolysis of
Lactococcus lactis caused by induced overproduction of its major autolysin, AcmA. Appl. Environ.
Microbiol. 63:2722-2728.
